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1.1. Gas chromatography as analytical tool 
1.1.1. Introduction 
Separation techniques such as liquid chromatography (LC) and capillary electrophoresis (CE) are often used 
to separate non-volatile and often large molecules in various matrices. These techniques are however less 
suitable for small volatile molecules such a many residual solvents. Therefore, such molecules are usually 
analysed with gas chromatography (GC). GC is one of the most versatile analytical techniques available for 
the separation of volatile analytes in various sample matrices for both qualitative and quantitative analysis. In 
GC, a sample is introduced in the instrument as a vapour by injection into a heated inlet. The vapours are 
swept through the inlet by an inert carrier gas into an analytical column for separation. Separation of various 
analytes is occurring by equilibration between the stationary phase and the carrier gas. The separated 
analytes are detected using various detectors after elution from the column. The response signal of the 
detector is recorded in function of time (retention time) in which analytes appear as nearly Gaussian shaped 
peaks. The area under an analyte peak is proportional to its concentration in the original sample matrix. A 
schematic overview of a GC system is depicted in Figure 1.1. 
 
Figure 1.1: Schematic overview of a GC system
[1]
.  
1.1.2. Inlet 
There are basically three different types of inlets: the split/splitless inlet [1,2], the programmed temperature 
vaporizer (PTV) [3,4] and the on-column inlet [5]. The most often used inlet is the split/splitless injector where 
the split mode is used for more concentrated samples to avoid overloading of the analytical column and/or 
detection signal. On the other hand, splitless injection transfers the complete sample to the column and is 
used when more sensitivity is required. An on-column inlet also introduces the sample entirely on the 
column, but without prior evaporation. The PTV inlet is usually used to perform large volume injections for 
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more sensitivity. During the sample introduction, solvent is vented at a low inlet temperature to prevent 
backflash of solvent causing contamination of the GC system.  
1.1.3. Column 
The column is where the separation takes place after introduction of the sample. Within GC analysis, two 
different types of columns exist: packed columns and capillary columns. A packed column is typically made 
from a glass or stainless steel coil with lengths ranging from 1 – 5 m. The column is filled with particles that 
act as stationary phase. Nowadays, packed columns are merely used for preparative work and have been 
replaced by capillary columns due to superior separation efficiencies. Capillary columns consist of fused 
silica with a polyimide coating on the exterior and can have lengths from 15 m up to 100 m with internal 
diameters from 0.10 to 0.53 mm. Three different types of capillary columns can be distinguished, which are 
the Wall Coated Open Tubular (WCOT), the Support Coated Open Tubular (SCOT) and the Porous Layer 
Open Tubular (PLOT) columns. A WCOT column uses a thin film coated on the inner surface of the fused 
silica as stationary phase. SCOT columns use particles that are modified with a stationary phase and are 
deposited on the column wall. With the PLOT columns particles act as the stationary phase itself. 
1.1.4. Carrier gas  
As mentioned above, the carrier gas is responsible for the transport of analytes through the column. The 
carrier gas is inert towards the analytes and separation mainly depends on the characteristics of the 
stationary phase. Typical carrier gasses include helium, nitrogen, hydrogen, carbon dioxide and argon.  
Helium is used most often for its safety in comparison with hydrogen and the higher separation efficiency 
compared to the other gasses [6]. 
1.2. Headspace sample introduction 
1.2.1. Overview of sample introduction techniques 
For the introduction of a sample into a GC system, direct injection is the most widely used approach. The 
sample is usually dissolved in an appropriate solvent and injected in a heated injection port to evaporate the 
volatile sample constituents using a syringe. Since the development of GC, several alternative sample 
introduction and isolation techniques have been developed and implemented. These include techniques 
such as thermal desorption using solid phase micro extraction (SPME), stir bar sorptive extraction (SBSE), 
single drop micro extraction (SDME). Other techniques include headspace (HS) sampling methods, pyrolysis 
and purge and trap. SPME and SBSE rely on the adsorption of analytes on an adsorbent for sample 
enrichment and analytes are released into a GC by heating of the adsorbent. SDME uses a solvent drop to 
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extract analytes from samples. This can be performed in two ways: the extraction is performed by direct 
immersion in the sample solution in which the solvent drop is immiscible. Another approach is to suspend the 
droplet above the headspace for extraction.  
In this thesis, three research chapters are devoted to the alternative use of HS equipment. Therefore, the 
following paragraphs will cover some items related to HS sampling.  
1.2.2. Basic theory of HS sampling 
The theory of HS sampling has been extensively explained in literature [7] and only relevant aspects of this 
technique will be described here. When HS sampling is used, a sample is heated and an aliquot of the 
vapour phase (headspace) containing the volatile analytes is introduced on the column for analysis. HS 
analysis can be performed both statically (sHS) and dynamically (dHS). dHS is performed by purging with an 
inert gas whilst heating in an open vial in contrast to sHS sampling that occurs in a closed vial. sHS sampling 
can be done by using a gas tight syringe, a sample loop system or a balanced pressure system. With sHS 
analysis, a particular sample is usually dissolved in a suitable high boiling solvent after which a part of the 
sample is transferred to a HS vial and closed with a cap having a septum. Afterwards, the sample vial is 
heated for a certain time causing the volatile analytes to move towards the vapour phase until a 
thermodynamic equilibrium is reached (Figure 1.2).  
 
Figure 1.2: Schematic overview of a HS vial in sHS conditions
[8]
. 
The HS vial containing the sample is characterised by the so-called phase ratio β according to (1): 
        
  
  
  (1)  
In which Vg and Vl are the volume of the gas phase and liquid phase, respectively.  
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The partition of a given analyte between the two phases under a certain situation can be expressed by the 
partition coefficient K:  
        
  
  
  (2) 
Cl is the concentration of the analyte in the liquid phase and Cg is the concentration in the gas phase. Under 
sHS conditions both β and K are constant. The analyte concentration in the gas phase is then given by: 
   
  
   
 (3) 
Which relates the initial sample concentration (C0) with the gas phase concentration after thermodynamic 
equilibrium is established. A certain analyte having a concentration C0 will generate a concentration Cg giving 
rise to a peak with a proportional area depending on K and β. In practice, the partition coefficient K is very 
difficult to predict and is influenced by many different factors. In the text below, various relevant factors will 
be briefly explained. 
Dalton’s law 
Dalton‘s law describes that the total pressure (ptotal) of a given gas mixture can be considered as the sum of 
the partial pressures (ppartial) of all the separate constituents present in the gas mixture. This means that the 
gas phase concentration of an analyte is depending on its partial pressure: 
              (4) 
The partial pressure of a certain analyte is depending on the temperature. Increasing the temperature will 
increase the partial pressure and also Cg so that K will change as well.  
Raoult’s law 
The partial pressure of an analyte is directly proportional to its mole fraction (x i) in a sample solution: 
           
      (5) 
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In which pi
0
 is the vapour pressure of a certain analyte which is influenced by the temperature as well 
according to Antoine‘s equation:   
     
    
 
   
  (6) 
A,B and C are so-called Antoine coefficients and are specific for an analyte. T is the temperature in Kelvin. 
Raoult‘s law is only valid in situations where analytes are completely inert towards each other. However, 
most sample solutions deviate from this as there are interactions and usually an adapted form of Raoult‘s law 
is used:  
           
        (7) 
This adapted form of Raoult‘s law uses the activity coefficient γ i to correct for any possible interaction of a 
certain analyte with components from its environment.    
1.2.3. Balanced pressure system 
The balanced pressure system is depicted in Figure 1.3. Sampling with this system proceeds in 3 phases. 
Firstly, the vial is thermostatted and the sampling needle (SN) will be in its standby position (stage A). Carrier 
gas flowing through valve 1 (V1) is split up between the transferline connecting the HS sampler with the inlet 
of the GC and the hollow needle that contains two holes. Valve 2 (V2) is open enabling the carrier gas to 
leave the system. After heating of the sample vial and establishing thermodynamic equilibrium, the needle 
punctures the septum of the vial which is pressurized (stage B). By closing both valves 1 and 2, a part of the 
headspace is injected to the GC column (COL) (stage C). 
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Figure 1.3: Schematic drawing of the balanced pressure system and stages of operation. A = thermostatting, B = 
pressurisation, C = injection. Reproduced from [7]. 
1.2.4. Full evaporation technique (FET)  
FET is a form of HS sampling in which the compounds of interest are completely evaporated in the vial, to 
ensure that a given analyte has no sample phase to have interaction with (no equilibrium). This feature 
eliminates possible matrix effects and allows quantification without the need for a matching matrix. It has 
been applied to solid and liquid samples [9-14]. Furthermore, FET was found to be particularly useful for 
analytes that have a higher boiling point than the sample matrix [15]. More background information about this 
technique will be given in chapter 2.    
1.2.5. Shortcomings of HS-GC 
In various fields of chemical analysis GC is the tool of choice for the screening and determination of volatile 
substances. sHS-GC in combination with various detectors is an established technique that is often used for 
the analysis of various volatiles in many different matrices due to its aforementioned advantages. Despite 
these advantages, several shortcomings can be summed up for this technique. First of all, sHS sampling is 
often suffering from matrix effects as predicted by Raoult‘s law. Matrix effects influence the resulting partial 
pressure of an analyte and thus the response factor can differ from a calibration standard which is made 
without matrix components. This issue can be circumvented by matching the calibration solution with that of 
the sample. However, blank matrix or information about the exact composition is often not available. 
Besides, the sHS approach does generally not provide adequate sensitivity for analytes with a high affinity 
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for a particular matrix. Increasing the HS temperature does generally promote more analyte to the gas 
phase. However, at some point, the sample solvent starts to boil which results in a pressure that is too high 
for a HS instrument to handle. Therefore, the determination of high boiling analytes in a low boiling matrix is 
problematic. Besides, thermally labile compounds could start to degrade when the used temperature is too 
high. To address the problem of possible matrix effects and to overcome sensitivity issues often encountered 
with sHS sampling, FET has been used to fully evaporate typical polar high boiling residual solvents such as 
N,N-dimethylformamide (DMF) or dimethylsulfoxide (DMSO) in aqueous samples. These solvents are high 
boiling compared to water and have a large affinity for water (miscible). In contrast to the sHS methodology, 
FET does provide adequate sensitivity for such analytes. Possible matrix effects are circumvented as the 
complete volatile part of the sample is evaporated so that no equilibrium between analytes and matrix can be 
formed. The sensitivity that can be obtained by FET is still rather limited as the sample volume should not 
exceed a certain volume. A sample volume that is too large could lead to incomplete evaporation thereby 
creating sHS conditions again. Also, the pressure in the vial can exceed the maximum tolerable pressure at 
a certain sample volume. The pressure in a vial is especially governed by both the vapour pressure of the 
solvent and the air that is already present in the vial and expands upon heating. As predicted by the ideal 
gas law, smaller molecular masses lead to lower maximum tolerable sample volumes. Due to this, the 
sample volume for aqueous samples is limited to approximately 10 µL in a HS vial of 22 mL. The analysis of 
analytes as aforementioned remains problematic when higher sensitivity is required. When large amounts of 
aqueous samples are introduced in the GC system to increase the sensitivity, there is a serious risk to 
damage the GC column. Moreover, aqueous samples do generally not allow derivatization of analytes to 
improve their volatility, chromatographic properties or sensitivity. Some analytes such as certain polymers or 
quaternary ammonium salts (QAS) are not volatile at all and require pyrolysis to generate representative 
volatile products for GC analysis. When these types of analytes have to be determined in aqueous samples, 
the water will create the aforementioned issues, especially when pyrolysis is carried out with direct injection. 
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1.3. GC detectors 
Apart from various sampling techniques, various detectors have been developed. Detectors can be either 
universal or selective. In the following paragraphs an overview is given of detectors that are commercially 
available. 
1.3.1. Thermal conductivity detector (TCD) 
The TCD or ‗hot wire‘ was the first detector used for GC and is a universal detector that can detect every 
possible analyte. When gas flows over a hot filament, the electric resistance will be stable as long as the 
thermal conductivity remains constant. Since every gas has a different thermal conductivity, the TCD will 
produce a different signal when an analyte passes through. The TCD works with two filaments: one acts as 
reference in which the pure carrier gas is monitored, the second one is exposed to the carrier gas with the 
separated analytes (Figure 1.4). Both filaments are connected by a ‗Wheatstone bridge‘ that measures the 
difference in their resistance. When no sample constituents pass through the detector, no difference in 
thermal conductivity is detected. When an analyte passes by, a small change in resistance is established 
which is a measure for the concentration of a certain analyte. The TCD is usually used for the detection of 
permanent gasses such as carbon dioxide and carbon monoxide and is considered to be a very simple low 
cost detector that is non-destructive to the sample. An example of a TCD application is the determination of 
carbonate in black liquor samples using HS-GC [16]. Samples were acidified with sulphuric acid in a HS vial 
and the released carbon dioxide was detected using TCD allowing the indirect determination of carbonate.
 
Figure 1.4: Schematic overview of a TCD
[1]
. 
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1.3.2. Flame ionization detector (FID) 
Since its introduction as a detector for GC by McWilliam and Dewar [17] and Harley and his co-workers [18], 
the FID has become the most popular GC detector due to its excellent sensitivity for organic analytes, 
robustness and exceptional linear range. The FID is a near universal detector, providing an almost equal 
molar response for hydrocarbons which is based on the number of carbon atoms present in the analyte 
molecule. A schematic overview of an FID is given in Figure 1.5.  
Analytes that elute from the column are directed towards a hydrogen-air diffusion flame and are 
subsequently combusted to produce carbon dioxide, water and CH-radicals which can react further to form 
charged species: 
CH
.
 + O
.
  CHO+ + e- 
These charged species react with water molecules present in the flame to produce hydronium ions and 
carbon monoxide: 
CHO
+
 + H2O  H3O
+
 + CO  
The positively charged species are captured by a negatively biased collector electrode which is positioned 
above the flame to produce a measurable current proportional to the number of carbon atoms present in the 
flame at a certain time. Collection of ions is facilitated by the use of an extraction potential or a make-up gas 
flow to accelerate the formed ions towards the collector.  
 
Figure 1.5: Schematic overview of a FID
[19]
. 
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1.3.3. Electron capture detector (ECD) 
The ECD [20-22] is a detector that provides a selective response towards analytes possessing 
electronegative functional groups such as halogen atoms and nitro groups. A response is provided by the 
fact that these analytes capture low energy thermal electrons which are usually generated by high energy 
beta-electrons coming from a foil containing 
63
Ni through interaction with the carrier gas.  
The electrons are collected at an anode and a change in the existing current occurs when an electron 
capturing analyte passes through the detector. Due to its excellent sensitivity for such analytes, it is a 
popular detector for the determination of pesticides and other electronegative atom containing analytes in the 
environment [23-25] and food [26-28]. An example of such application is the determination of organochlorine 
pesticides in water samples [29]. Typical persistent organochlorine pesticides such as Endosulfan I and II 
were first extracted using a special designed molecular imprinted SPME prior to GC-ECD detection. The 
SPME was imprinted with Endosulfan to serve as selective binding site for Endosulfan in aqueous samples. 
Detection limits for this approach were found to be in the lower ng L
-1
 range.  
 
Figure 1.6: Schematic overview of the ECD
[1]
. 
1.3.4. Thermoionic ionization detector (TID) 
The TID, sometimes also called alkali flame detector or nitrogen-phosphorus detector (NPD), is basically an 
adapted FID [30-31]. When an alkali metal salt is introduced in the hydrogen-air diffusion flame of an FID 
during analysis, it improves the sensitivity for compounds that contain hetero-atoms such as nitrogen, 
phosphorus, sulphur and bromine. In early versions of the TID, an alkali salt was introduced by means of a 
constant supply of an aqueous solution containing an alkali salt such as sodium hydroxide. Nowadays, a TID 
makes use of a ceramic or glass bead that is doped with Rubidium or Cesium. During operation of the 
detector, this bead is heated by an electrical wire to temperatures between 400 and 800 °C.  
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In contrast to FID, the detector gas flows are significantly lower and insufficient to form a flame. Instead, a 
low temperature plasma is formed in which hydrogen, oxygen and hydroxyl radicals are formed from the 
detector gasses. The collector electrode is positioned right above the bead and is positively biased for 
negative ion collection. Although the detection mechanism of this detector is not fully understood, negative 
ions are thought to originate from decomposition products such as CN
-
 from CN
.
 in case of nitrogen species 
and PO
-
, PO2
-
, PO3
- 
out of PO2
.
 when analytes containing phosphorus atoms are measured. The TID can be 
set to detect both phosphorus and nitrogen species by using a hydrogen rich plasma (NP-mode) or a 
hydrogen poor oxidative plasma for higher selectivity towards phosphorus analytes (P-mode), respectively. 
The TID is especially important for the analysis of drugs, pesticides and herbicides as these analytes often 
contain nitrogen or phosphorus heteroatoms [32-35]. A typical example for the application is the 
determination of organophosphorus pesticides such as diazinon in animal matrices [36]. These types of 
pesticides can accumulate in animals due to the consumption of contaminated feed and water. Animal 
derived products can therefore be an indirect source and can be a risk for human health. A method was 
developed for the determination of several organophosphorus pesticides in cow milk and liver tissue from 
wild boar. After extraction and clean-up of the samples, they were subjected to GC-NPD analysis for 
quantification. Detection limits were found to be in the lower ppb range for each analyte. A schematic 
overview of a NPD detector is given in Figure 1.7. 
 
Figure 1.7: Schematic overview of the TID
[1]
. 
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1.3.5. Chemiluminescence based sulphur and nitrogen detectors 
One of the most well-known chemiluminescence based detectors are the sulphur luminescence detector 
(SCD) and the nitrogen chemiluminescence detector (NCD). These detectors (Figure 1.8) are often used for 
the 2D-GC analysis of crude oil samples for sulphur [37-41] and nitrogen atom [42] containing species such 
as thiols, sulphides, polysulfides and thiophenes.  
Crude oil is an extremely complex mixture consisting of alkanes, naphthenes, olefins, monoaromatics, 
polyaromatics and many others. Such samples are even challenging for 2D-GC and selective sulphur and 
nitrogen detection is therefore needed. The SCD is superior among various types of sulphur selective 
detectors. It has many advantages including a linear (>10
5
) and equimolar response to all sulphur 
compounds, modest quenching effects of hydrocarbons, excellent sensitivity (<0.5 pg S/s), and by far the 
best selectivity (S/C >10
7
). Both the NCD and the SCD operate according to a similar mechanism. The first 
step is the universal conversion of nitrogen or sulphur containing analytes to either sulphur dioxide (SO2) or 
nitric oxide (NO) (1). The second step for the detection of sulphur species is the reaction of SO2 with 
hydrogen gas (2) to form chemiluminescent species. Then these sulphur species react with ozone (O3) to 
form excited state SO2 that emits light upon relaxation (3). In case of nitrogen analytes, the resulting NO from 
the first step reacts with O3 to form excited state nitrogen dioxide (NO2) that also emits light (4). 
R-S (N) + O2   CO2 + H2O + SO2  (NO)     (1) 
SO2 (NO) + H2 → chemiluminescent sulphur species     (2)  
chemiluminescent sulphur species + O3   SO2
* 
  SO2  + hv       (3) 
NO + O3  NO2
*
  NO2 + hv       (4) 
 
Figure 1.8: Schematic overview of SCD/NCD detection system
[1]
. 
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1.3.6. Photoionization detector (PID) 
By irradiating molecules with photons that exceed the ionization energy, ionization can take place. This is the 
basic working principle of the PID and typically requires photon energies between 5 and 20 eV. A schematic 
overview of a PID is given in Figure 1.9 and employs a low-pressure gas discharge lamp, which depending 
on the filling gas emits typical spectral lines. Examples of filling gases are Xenon, Krypton or Argon to 
produce photon energies up to 11.7 eV. By carefully selecting the type of lamp, selectivity can be obtained 
that is based on the difference in ionization potential of various analytes. During operation, analytes eluting 
from a GC column are ionised in an ionization chamber and directed towards a biased electrode to produce 
a current. In contrast to FID, ECD and TID, no additional make-up or fuel gas is needed and PID is therefore 
often used in portable applications where for instance no flame can be used for hazard reasons. For example 
in [43], a mobile robot was equipped with a PID for the detection and quantification of volatiles. The PID was 
calibrated for the detection of acetone vapour to demonstrate the applicability of the robot.  
    
Figure 1.9: Schematic overview of the PID
[1]
. 
1.3.7. Helium ionization detector (HID) 
HIDs are detectors that are often used to detect permanent gases such as hydrogen, oxygen or nitrogen in 
cases where more sensitivity than with the TCD is needed. Also, organic compounds such as carbon 
tetrachloride can be measured with this type of detector. There are basically two different types of HIDs: one 
uses a radioactive material, while the other uses a pulsed discharge source. In case of HIDs that utilise a 
radioactive material, helium molecules collide with high energy beta electrons that are emitted from usually a 
Scandium tritide foil with high activity. This creates a plasma that contains metastable species responsible 
for analyte ionization. More modern HIDs make use of a high voltage pulsed discharge (PDHID) [44-51] and 
consist of a discharge chamber and a region where incoming analytes are ionized mainly by photoionization 
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as the gas discharge emits high energy photons (Figure 1.10). These high energy photons come from the 
dissociation of diatomic helium with energies ranging from 11.3 to 20.7 eV. Actual analyte detection is 
usually performed by electrons released from analytes due to ionization that migrate towards a biased 
collector electrode. The PDHID can be operated in an electron capture mode as well (PDECD) [52] which is 
done by generation of thermal ions from a dopant gas such as methane or Xenon. These thermal electrons 
(as with the ECD) can be captured by for instance halogenated analytes.     
 
Figure 1.10: Schematic overview of a PDHID
[53]
.  
1.3.8. Mass spectrometer as detection system 
A mass spectrometer (MS) is in fact a second separation dimension that separates ions according to their 
mass-to-charge (m/z) ratios after ionization. An MS consists of three parts: the ion source, mass analyser 
and ion detector. The most common form of mass spectrometry in combination with GC is electron impact 
(EI) with a quadrupole mass analyser. Analytes that elute from the column are bombarded with high energy 
electrons (70 eV) and mostly positive molecular ions will be formed. These molecular ions will break into 
fragment ions that can be used to identify unknown analytes. A quadrupole MS (used in this work) is often 
operated in full scan mode for confirmation in which a certain m/z range is continuously scanned over time to 
produce mass spectra. This results in a total ion current (TIC) chromatogram and at each time point (scan 
number), the mass spectrum can be consulted. In case of EI mass spectrometry, analytes produce a unique 
mass spectrum which can be compared with library spectra. Although an MS is not a true detector for 
quantification, it is often used as such by operation in single ion monitoring mode (SIM).  
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With SIM, only ions with particular m/z values are allowed to be detected and target analytes will be 
selectively detected for quantification. 
1.3.9. Shortcomings of GC detectors 
Since its development, the FID became the workhorse for quantitative GC analysis of various carbon atom 
containing compounds. The FID is known for its simple construction, ease of operation, robustness and 
unsurpassed sensitivity for alkanes. However, compounds containing heteroatoms such as oxygen, nitrogen, 
sulphur, phosphorus, chlorine, bromine and iodine are detected with less sensitivity because carbon atoms 
are only partly oxidised in such substances. This makes the FID detector unsuitable for the detection of 
analytes such as carbon tetrachloride which contains only one fully substituted carbon atom that cannot be 
oxidised. Moreover, the FID does not provide the possibility to identify or provide structural information for 
unknown compounds that could be detected during screening. Identification is only possible with suitable 
reference standards of which retention times are compared with these of unknowns. For this reason, 
analytes such as polychlorobiphenyls (PCBs), nitrogen or phosphorus containing pesticides and herbicides 
are usually detected with the aforementioned selective detectors such as the ECD or TID. However, the 
radio-active element that is used in the ECD gives rise to legislation issues and as with all selective detectors 
universality is lost. Mass spectrometry (MS) can both serve to identify and quantify analytes. However, MS 
needs an expensive vacuum system to operate and the ionization efficiency of the used filament with EI is 
rather low like the hydrogen diffusion flame of the FID. Where the TCD is generally not sensitive enough, the 
PDHID is often employed as detector for trace analysis. However, this detector uses a fairly high helium 
make-up flow (30 mL/min) to counteract the column flow containing the analytes to avoid direct interaction 
with the discharge. The necessity for high helium flows is not desired as helium becomes increasingly more 
expensive and possible ionization pathways are limited due to the detector set-up. It is true that many of the 
described GC detectors need additional gases and vacuum (in case of the SCD, NCD and MS) for operation 
which limits the portability. PID on the other hand is not sensitive for halogenated aliphatics and has no 
response at all for methane.       
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1.4. Aim of the study 
Seen the drawbacks of sHS, in chapter 2 the use of FET is explored for the analysis of different high boiling 
apolar analytes in apolar matrices. To avoid the problems related to GC analysis of aqueous samples, 
removal of water prior to GC analysis of aqueous samples is necessary. This can be performed with 
techniques such as HS trap which uses an adsorbent to selectively retain analytes and allows sample 
enrichment. However, this approach could still result in problems with analytes such as ethylene glycol (EG) 
that are prone to interact with parts of the system. An easier approach would be to remove the water before 
GC analysis is performed. So, Chapter 3 is devoted to the application of water scavenging using acetone 
acetals in an attempt to enrich aqueous samples prior to FET analysis. Chapter 4 deals with the problems 
related to the analysis of QAS in aqueous samples by investigating whether the use of HS sampling can 
generate volatile products for the indirect quantification of various QAS. Such approach would be beneficial 
as non-volatile degradation products are not introduced in the GC system leading to a more robust method. 
Where chapters 2-4 mainly cover aspects of improved sample introduction and sample preparation, chapter 
5 is focusing on GC detectors. Many issues around the existing GC detectors are related to their ion source 
and a detection system that can circumvent the issues discussed in 1.3.9. would be very beneficial. A 
prototype GC detector using a microhollow cathode discharge (MHCD) as ion source is presented as 
alternative to the described detectors. A detector using an ion source with higher ionization efficiency and 
possibility to obtain structural information could possibly replace many of the aforementioned GC detectors. 
In this chapter, the theory around MHCD‘s is covered and experimental results around the development are 
presented.      
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Abstract 
In order to reduce inaccuracies due to possible matrix effects in conventional static headspace-gas 
chromatography (sHS-GC), it is standard practice to match the composition of calibration standards towards 
the composition of the sample to be analysed by adding blank matrix. However, the latter is not always 
available and in that case the full evaporation technique (FET) could be a solution. With FET a small sample 
volume is introduced in a HS vial and compounds of interest are completely evaporated. Hence no 
equilibrium between the condensed phase and vapour phase exists. Without the existence of an equilibrium, 
matrix effects are less likely to occur. Another issue often encountered with sHS-sampling is that low vapour 
pressure compounds with a high affinity for the dilution medium show a limited sensitivity. FET has proven to 
be an appropriate solution to address this problem too.   
In this work, the applicability of FET for the quantitative analysis of high boiling compounds in different 
complex apolar matrices is examined. Data show that FET is an excellent tool to overcome matrix effects 
often encountered with conventional sHS analysis. The tested method shows excellent recovery with 
recovery values around 100% as well as repeatability with RSD values around 1% for the quantification of 
high boiling compounds (bp. > 200 °C) such as camphor, menthol, methyl salicylate and ethyl salicylate in 
various matrices. LOQ values were found to be around 0.3 µg per vial. Following validation of the technique, 
several topical pharmaceutical formulations like ThermoCream
®
, Reflexspray
®
, Vicks Vaporub
®
 and 
Radosalil
® 
were examined. For the latter, a comparison has been made with a sHS-method described in 
literature. 
Keywords  
Matrix effect, Full Evaporation Technique, Static headspace 
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2.1. Introduction 
Static headspace (sHS) sampling is widely used for the quantitative analysis of volatile compounds in a 
variety of matrices due to its simplicity and cleanliness of introducing volatiles of interest into a gas 
chromatograph. A disadvantage of this technique is the possibility of matrix effects causing signal differences 
between the sample and calibration standards [1]. Matrix effects are any form of interaction in the condensed 
phase that influences the equilibrium between the condensed and vapour phase in a HS vial. A way to solve 
this problem is to add blank matrix to calibration standards in order to compensate for the matrix. However, 
this is not always possible as blank matrix is not always available. So, quantification of volatiles can be 
inaccurate because matrix effects can influence the established equilibrium between the condensed and 
vapour phase in a HS vial and thus can give rise to different response factors for a certain compound in 
different matrices. Possible methods to address this problem are multiple headspace extraction (MHE), 
standard addition method (SAM) and full evaporation technique (FET). However, MHE can be very time 
consuming and SAM can only be performed when enough sample is available. In contrast to these 
techniques, FET only uses very small amounts of sample and this procedure does not take more time to 
perform than conventional sHS. With FET, all volatile compounds of interest are transferred completely to the 
vapour phase and the matrix no longer influences the equilibrium between vapour and condensed phase. 
FET has proven to be a useful technique to avoid matrix effects during analysis of both solid and liquid 
samples [2-7]. FET has also proven to be useful for the analysis of high boiling solvents (low vapour 
pressure) with high affinity for water (high K value) in an aqueous matrix. Using conventional sHS-sampling, 
this determination is difficult since the sensitivity for these high boiling compounds is limited [8]. The same 
issue regarding sensitivity could arise when high boiling compounds have high affinity for apolar matrices 
and/or dilution media.    
The aim of this work was to investigate the applicability of FET on the quantification of high boiling 
compounds (bp > 200 °C) with high affinity for different apolar matrices. The quantitative analysis of camphor 
(C), DL-menthol (M), methyl salicylate (MeS) and ethyl salicylate (EtS) in different pharmaceutical products 
was taken as an example. These compounds are usually analysed with either sHS-sampling or direct 
injection [9-11]. The drawbacks of sHS are mentioned above while direct injection suffers from clogging and 
sample adsorption in the injector. Aspects like linearity, repeatability and recovery were evaluated. 
Calibration curves obtained with matrix-matched standards were compared with those obtained with solvent-
based standards to check for the absence of matrix effects. In order to evaluate the advantage of FET over 
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sHS for the analysis of apolar high boiling compounds in an apolar matrix, a typical sample containing the 
aforementioned compounds was analysed with both techniques.     
2.2. Theory 
With conventional sHS-GC, an equilibrium exists in a sealed HS vial containing a condensed and a vapour 
phase, both with a particular volume:  
             
Where Vg is the volume of the vapour phase, Vl the volume of the liquid phase (condensed phase) and Vv the 
total volume (volume of the vial). If a sample with volume V0 containing a concentration C0 is transferred in a 
vial, the sum of the absolute amounts in the vapour and condensed phase after equilibration equals the total 
amount of sample before equilibration: 
                      
Where Cl is the concentration of the analyte in the liquid phase and Cg the concentration in the gas phase. 
With FET, only a very small amount of sample is transferred into the vial and sufficiently heated. As a result, 
Vl will approach zero due to near complete evaporation. Consequently eq. 2 becomes: 
                
so that the amount of the compound of interest in the gas phase is directly determined by the sample amount 
in the HS vial. The approximate maximum volume of solvent and absolute amount of compounds that can be 
introduced in a HS vial in order to meet the criterion for FET can be calculated by combining Antoine‘s 
equation and the Ideal Gas law [8]. When the maximum amount of a certain compound is exceeded, 
condensation will occur and the requirements for FET will not be met as the system is in sHS-mode, and 
hence, possible matrix effects can occur. When performing FET-analysis, the compound that has the highest 
abundance in the vial is the solvent. It has to be ensured that the pressure at equilibrium in the vial does not 
exceed the pressure applied on the vial during injection. The latter pressure is determined by the 
chromatographic conditions. During heating of the vial, the air that is present in the vial will also exert a 
certain pressure depending on the temperature (thermal expansion). When the applied injection pressure is 
not high enough to counteract the equilibration pressure, an amount of gas phase will flow into the injection 
system when the needle punctures the vial. This will result in loss of sample with pressure loop systems or 
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pre-injection with balanced pressure systems. Therefore, in practice the maximum amount of solvent that 
can be introduced in a vial will be lower than the calculated maximum amount that can be evaporated.  
2.3. Experimental 
2.3.1. Reagents and samples 
C, M, MeS, EtS, (structure, boiling points and Antoine‘s constants are given in Table 2.1) and Radosalil
®
 
stick were kindly donated by Will Pharma (Wavre, Belgium). Salicylic acid, paraffin, petroleum jelly, cetiol, 
capsaicin oleoresin (containing 8% of capsaicin) and Lanette SX for the preparation of blank Radosalil
®
 
matrix were obtained from Will Pharma as well. ThermoCream
®
 and its blank matrix were obtained from 
Sterop (Brussels, Belgium). Reflexspray
®
 and Vicks Vaporub
®
 were obtained from a local pharmacy. 1-
Octanol (98%) was obtained from Janssen Chimica (Geel, Belgium), o-xylene (99%) from VWR International 
(Heverlee, Belgium), DMF from Fischer Chemical (Loughborough, United Kingdom). The boiling points and 
Antoine‘s coefficients of o-xylene and DMF are given in Table 2.1. n-Dodecane was purchased from Sigma-
Aldrich (Diegem, Belgium). The composition of each matrix is given in Table 2.2. 
Table 2.1: Chemical structure, boiling points and Antoine‘s constants of the investigated compounds and used solvents. 
 
Compounds 
 
C 
 
M 
 
MeS 
 
EtS 
Chemical structure 
 
 
 
 
   
 
Boiling point (°C) 
 
204 
 
212 
 
220-224 
 
231-233 
**Antoine’s constant A 3.30967 5.383470 4.02455 * 
**Antoine’s constant B 1096.291 2405.946 1585.874 * 
**Antoine’s constant C -148.579 -37.853 -99.173 * 
 
Solvent 
 
o-xylene 
 
DMF 
 
Boiling point (°C) 
 
144.4 
 
153 
**Antoine’s constant A 4.12928 3.93068 
**Antoine’s constant B 1478.244 1337.716 
**Antoine’s constant C -59.076 -83.648 
*Antoine‘s constants unknown  ** From NIST data 
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Table 2.2: Composition of the analysed samples. For the volatile components that are determined (C, M, MeS and EtS), 
the label claim is added. 
 
 
ThermoCream
® 
 
 
Radosalil
® 
 
 
 
Reflexspray
® 
 
 
 
Vicks Vaporub
® 
 
 
Volatile active 
ingredients 
determined by GC 
M (57.5 mg/g) 
MeS (57.5 mg/g) 
 
 
 
C (4.41 mg/g) 
M (55.14 mg/g) 
MeS (26.47 mg/g) 
EtS (17.64 mg/g) 
 
 
 
C (40 mg/mL) 
M (40 mg/mL) 
MeS (27 mg/mL) 
 
 
 
C (50 mg/g) 
M (27.5 mg/g) 
 
Other ingredients 
(including 
excipients) 
 
Capsicum oleoresin 
Lanette SX 
Water 
 
Salicylic acid 
Mono-glycol 
salicylate 
Capsicum oleoresin 
Paraffin 
Petroleum jelly 
Cetiol 
Lanette SX 
 
Turpentine oil 
Benzyl alcohol 
DMSO 
Isopropyl alcohol 
Lilac oil 
 
Thymol 
Turpentine oil 
Eucalyptus oil 
Petroleum jelly 
Cedarwood oil 
 
2.3.2. Chromatographic system and sampling conditions for the sHS-method  
FET was compared with a sHS-method described in literature [9] used for the quantification of C, M, MeS 
and EtS in Radosalil
®
, a typical petroleum jelly/paraffin based matrix for which these compounds have a high 
affinity. The method was slightly adapted by using n-dodecane as solvent as the prescribed liquid paraffin 
does not allow to work with volumetric flasks.  
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2.3.3. Chromatographic system and HS sampler conditions for FET 
FET-GC analysis was performed with a Varian 3500 GC equipped with a Perkin Elmer (Waltham, MA, USA) 
Turbomatrix 40 HS autosampler (balanced pressure system). HS vials and PTFE/Sil-caps were purchased 
from Perkin Elmer as well.  Separations were carried out on an AT
TM
-Aquawax column (30 m x 0.53 mm, df = 
0.50 µm) from Grace (Lokeren, Belgium) in case of Radosalil
®
, Reflexspray
®
 and Vicks Vaporub
®
  or a ZB-
624 column (30 m x 0.53 mm, df = 3.00 µm) from Phenomenex (Utrecht, The Netherlands) in case of 
ThermoCream
®
 using the oven program from Table 2.3. It was necessary to use a longer GC oven program 
following FET compared to this following sHS since the increased sensitivity with FET gave rise to more 
peaks so that a better separation was needed. The low volatility of the analytes demands the highest 
possible equilibration temperature (limited by the apparatus used) in order to get the maximum dynamic 
range and to transfer the analytes completely into the gas phase. The optimized settings of the FET method 
are given in Table 2.4. Preliminary experiments on Radosalil
®
 have shown that an incubation temperature of 
180 °C is a good compromise between operating limits, signal intensity and maximum sample amount to 
operate in FET-mode when analysing C, M, MeS and EtS. Increasing the temperature could not be done for 
the sHS-method as RSD values went up. These settings were used for all experiments during this work. 
Chromeleon software (Dionex, Germering, Germany) was used to process all data. 
Table 2.3: GC-oven program for FET-GC.   
 
t (min) 
 
T (°C) 
 
0 
 
100 
10 100 
22 160 
23.5 220 
28.5 220 
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Table 2.4: Used HS-parameters.  
 
HS-parameters 
 
Settings 
 
Equilibration temperature 
 
180 °C 
Equilibration time 10 min 
Needle temperature 190 °C 
Transfer line temperature 195 °C 
Pressurization time 1.0 min 
Injection time 0.04 min 
Needle withdrawal time 0.4 min 
Injection port temperature 200 °C 
Split ratio 1:5 
Carrier gas pressure 180 kPa 
Detector type Flame Ionization Detector 
Detector temperature 250 °C 
Analysed volume 
o-xylene: 40 µL 
DMF: 25 µL 
 
2.3.4. Preparation of solutions 
Internal standard solution for FET: 1-octanol was selected as internal standard and approximately 40 µL was 
dissolved in 25 mL of solvent (o-xylene or DMF) using a volumetric flask. The internal standard was used to 
correct for variations on the small volumes that are introduced in vials for FET-analysis. 
Sample solution for FET: a sample solution was prepared by dissolving the appropriate amount of sample in 
either o-xylene or DMF using a volumetric flask of 25 mL to which 1 mL of internal standard solution was 
added. o-Xylene was used as solvent for the matrices containing paraffin or petroleum jelly (Radosalil
®
 and 
Vicks Vaporub
®
) and DMF for the others (ThermoCream
®
 and Reflexspray
®
). The following amounts were 
dissolved for each type of sample: 250 mg of Radosalil
®
, 100 mg of ThermoCream
®
, 1 mL of Reflexspray
® 
and 150 mg of Vicks Vaporub
®
. 
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Sample solution for sHS: approximately 1 g of Radosalil
®
 was dissolved in 50 mL of n-dodecane using a 
volumetric flask. As described in the original method, sample solutions needed to be heated to dissolve the 
sample in the n-dodecane before adding up to volume [9]. 
Blank ThermoCream
®
 matrix: appropriate amounts of water, Lanette SX and capsicum oleoresin (8% 
capsaicin) were heated at 50 °C and mixed until a homogeneous cream was obtained. The cream was 
allowed to cool down to room temperature before use. 
Blank Radosalil
®
 matrix: appropriate amounts of salicylic acid, paraffin, petroleum jelly, cetiol, capsicum 
oleoresin (8% capsaicin), Lanette SX and a magnetic stir bar were put in a conical flask and sealed with a 
glass stopper. The conical flask was heated and stirred until the solution was homogeneous. The solution 
was allowed to cool down to room temperature to obtain solid Radosalil
®
 blank matrix.  
Calibration solutions for FET: appropriate amounts of C, M, MeS and EtS were dissolved in either DMF or o-
xylene. Dilutions were made by diluting appropriate volumes in volumetric flasks of 25 mL and adding 1 mL 
of internal standard solution.  
Calibration solutions for FET to check the influence of the matrix: to each of the above calibration solutions 
for FET, 100 mg of blank ThermoCream
® 
or 250 mg of blank Radosalil
®
 was added.  
Calibration solutions for sHS: appropriate amounts of C, M, MeS and EtS were dissolved in n-dodecane, 
followed by diluting appropriate volumes in volumetric flasks of 50 mL. Each calibration solution contained 1 
g of blank Radosalil
®
 for matrix compensation.  
2.3.5. Sample vials 
In case of FET, 40 µL of sample or calibration solution was transferred to a HS vial when o-xylene was used; 
25 µL when DMF was used as solvent. With the sHS-method, a sample volume of 5 mL was brought into the 
vial. Each vial was sealed with a PTFE-Sil-cap before analysis.  
2.3.6. FET evaluation 
Before recovery experiments were performed, it was first evaluated whether the conditions for FET-mode 
were met in this particular case by analysing a range of sample volumes transferred into the vial.  
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So, Radosalil
®
 sample solution in o-xylene was analysed using sample volumes ranging from 10 to 50 µL 
with increments of 10 µL. In contradistinction with water [8], o-xylene will have almost no influence on the 
viscosity of the gas phase. If FET conditions are fulfilled, a linear curve should be obtained when peak areas 
of C, M, MeS and EtS are plotted vs. the introduced volume. Measurements were performed in triplicate.  
2.3.7. Stability evaluation 
Another important aspect of the method is to check whether thermal degradation occurs during incubation of 
a sample. Experiments were performed by heating HS vials containing Radosalil
® 
sample for different 
periods of time. 
2.3.8. Matrix-matched vs. solvent-based calibration 
Calibration series prepared in o-xylene containing 100 mg of blank ThermoCream
®
 (matrix) were compared 
with neat standard solutions containing appropriate amounts of M and MeS. 1 mL of internal standard 
solution was added to each solution. The same was done with Radosalil
®
 by comparing calibration series in 
which 250 mg of blank Radosalil
®
 was added. Every calibration point was injected twice for both calibration 
series. This experiment could not be performed for the other samples as blank matrix was not available.     
2.3.9. Recovery experiments
 
Recovery experiments for ThermoCream
®
 were carried out by dissolving 100 mg of blank ThermoCream
®
 in 
DMF and spiking with M and MeS. Spiked concentration levels were 80%, 100% and 120% with 100% 
referring to the label content of ThermoCream
®
. 
Recovery experiments for Radosalil
®
 were carried out by dissolving 250 mg of blank Radosalil
®
 in 25 mL of 
o-xylene and spiking with C, M, MeS and EtS. Spiked concentration levels were 80%, 100% and 120% with 
100% referring to the label content of a Radosalil
®
 stick.  
Since no blank matrix was available for Reflexspray
®
 and Vicks Vaporub
®
, recovery experiments were 
carried out by spiking the samples dissolved in DMF or o-xylene with C, M and MeS to confirm that no 
headspace related matrix effects were occurring.    
2.3.10. Analysis of commercial samples 
Commercial samples of all four formulations were analysed using FET. Two Radosalil
®
 samples were 
analysed with FET as well as sHS, so that the results of both methods could be compared. 
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2.4. Results & discussion 
2.4.1. Evaluation of the sample volume in the vial used for FET 
The calculated (using Antoine‘s equation and the Ideal Gas law) amount of solvent which can be evaporated 
with the chosen conditions is ~94 µL for DMF and ~170 µL for o-xylene. However, due to injection pressure 
requirements (<180 kPa) the volumes should be kept below ~55 µL for DMF and ~85 µL for o-xylene. To 
include some margin, sample volumes of 25 µL in case of DMF as solvent and 40 µL in case of o-xylene 
were used. Although the same approach could be used for the analytes if all the Antoine coefficients are 
known, there would be no verification on the absence of intermolecular effects.  Increasing sample volumes 
were analysed in triplicate taking Radosalil
®
 dissolved in o-xylene as example. A graph was constructed 
(Figure 2.1) in which the obtained peak areas vs. sample volume were plotted for all compounds studied. It 
can be seen clearly that for all 4 compounds a linear relationship was obtained, which indicates that the 
method was operating in FET-mode. Above the maximum introducible volume, sHS-conditions would be met 
due to condensation of the solvent resulting in a change of the slope of the curves depicted in Figure 2.1 and 
hence possible matrix effects could occur. 
 
Figure 2.1: Evaluation of the FET requirements concerning sample volume (Radosalil
®
 sample in o-xylene). 
2.4.2. Evaluation of matrix effects 
Matrix effects can be considered in two ways: (1) chromatographic ones in the sense that compounds from 
the matrix can interfere with analyte peaks in the chromatogram and (2) sampling ones in the sense that 
analytes can interact (mainly physically) with matrix components and/or solvent in the HS vial, leading to 
inaccurate results when no matrix-matched calibration is used. Although FET cannot help to solve 
chromatographic problems (interfering analyte and matrix peaks), it should bring a solution for the second 
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issue. First, chromatographic effects from the matrix were studied for the two samples for which blank matrix 
was available: ThermoCream
®
 and Radosalil
®
. The chromatogram obtained by injecting the blank for 
ThermoCream
®
 on an ATTM-Aquawax  is shown in Figure 2.2. As can be seen, a peak at 15.3 min interfering 
with the determination of M appeared in the chromatogram together with a peak at 13.6 min. Further 
investigation revealed that these were due to impurities originating from DMF. Analysis on a ZB-624 column 
provided separation with no interference (Figure 2.3). 
 
Figure 2.2: Overlay of chromatograms obtained by injecting (1) DMF, (2) matrix blank of ThermoCream
®
 and (3) 
calibration standard (column used: AT
TM
-Aquawax). Chromatograms were recorded using the instrumental parameters 
described in 2.3.3. 
 
Figure 2.3: Overlay of chromatograms obtained by injecting (1) matrix blank of ThermoCream
®
 and (2) calibration 
standard (column used: ZB-624). Chromatograms were recorded using the instrumental parameters described in 2.3.3. 
The same procedure was followed to evaluate the method for Radosalil
®
. Here a compound from the matrix 
was eluted at the same retention time as MeS (Figure 2.4). Changing the chromatographic conditions could 
not solve the problem. So, in this case a correction had to be carried out by subtracting this blank peak from 
the analyte peak. 
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Figure 2.4: Overlay of (1) a blank chromatogram and (2) a chromatogram of a calibration standard for Radosalil
® 
(column 
used: AT
TM
-Aquawax). Chromatograms were recorded using the instrumental parameters described in 2.3.3. 
Next, matrix effects on the sampling were evaluated by comparing matrix-matched and solvent-based 
calibration curves. Those curves were constructed by plotting the concentration of the compound in question 
vs. the ratio of the peak areacompound/peak areainternal standard. Results are shown in Table 2.5 for 
ThermoCream
®
 and Table 2.6 for Radosalil
®
. In order to evaluate whether there are significant differences 
between matrix-matched and solvent-based calibration, a t-test on the obtained slopes was performed. It 
was found that there is no significant difference between both calibration methods for the analysis of 
ThermoCream
®
 and Radosalil
®
 indicating that no significant matrix-effects during FET sampling occurred. 
This implies that for routine analyses just solvent based calibration curves can be used without the need to 
add each time blank matrix to the calibration solutions as necessary in sHS. This considerably simplifies the 
calibration procedure. 
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Table 2.5: Regression data for M and MeS in ThermoCream
®
. 
 
 
Matrix-matched 
 
Solvent-based 
 
Matrix-matched 
 
Solvent-based 
 M M MeS MeS 
 
R
2 
 
0.9996 
 
0.9998 
 
0.9992 
 
0.9991 
Slope 0.00215 0.00214 0.00144 0.00141 
Sslope
a 
1.55 * 10
-5 
1.30 * 10
-5 
1.14 * 10
-4
 1.62 * 10
-5
 
Syx
b
 1.94 * 10
-3
 1.56 * 10
-3
 1.74 * 10
-3
 1.95 * 10
-3
 
tcrit. (df = 9) 2.262 2.262 
texperimental 0.719 1.020 
Sslope = standard deviation of the slope Syx = standard error of estimate 
 
Table 2.6: Regression data for C, M, MeS and EtS in Radosalil
®
. 
 
 
Matrix-matched 
 
Solvent-based 
 
Matrix-matched 
 
Solvent-based 
 C C M M 
 
R
2 
 
0.9996 
 
0.9997 
 
0.9999 
 
0.9998 
Slope 0.001911 0.001953 0.002106 0.002136 
Sslope
a 
1.91 * 10
-5 
1.10 * 10
-5 
8.60 * 10
-6 
1.14 * 10
-5 
Syx
b
 1.56 * 10
-3
 8.9 * 10
-4
 8.52 * 10
-3
 1.13 * 10
-2
 
tcrit. (df = 9) 2.262 2.262 
texperimental 1.89 2.10 
 
 
Matrix-matched 
 
Solvent-based 
 
Matrix-matched 
 
Solvent-based 
 MeS MeS EtS EtS 
 
R
2 
 
0.9999 
 
0.9997 
 
0.9998 
 
0.9995 
Slope 0.001387 0.001395 0.001412 0.001435 
Sslope
a 
4.29 * 10
-6 
8.86 * 10
-6 
6.94 * 10
-6 
1.47 * 10
-5 
Syx
b
 2.03 * 10
-3
 4.18 * 10
-3 
2.27 * 10
-3 
3.76 * 10
-3 
tcrit. (df = 9) 2.262 2.262 
texperimental 0.797 1.72 
Sslope = standard deviation of the slope Syx = standard error of estimate 
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2.4.3. Stability evaluation 
Radosalil
®
 samples were heated at 180 °C from 5 to 30 minutes with increments of 5 minutes. The acquired 
data were evaluated by plotting the heating time vs. the ratio of the peak areacompound/peak areainternal standard as 
shown in Figure 2.5. It is clear that there are no considerable differences in responses for the different 
analytes, suggesting that no thermal degradation occurs using the described FET-method. 
  
Figure 2.5: Evaluation of thermal degradation by using different heating periods.  
2.4.4. Recovery and repeatability  
Quantification results using FET for recovery experiments on ThermoCream
®
, Radosalil
®
, Reflexspray
®
 and 
Vicks Vaporub
®
 are given in Tables 2.7 and 2.8. Solvent based calibration standards were used for all 
samples. Recovery values found were between 98% and 102% and RSD values (as a measure of the 
repeatability) did not exceed 1.6 %. The spiking experiments also indicated that there were no headspace 
related matrix effects. 
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Table 2.7: Recovery and repeatability data on the quantification of high boiling compounds in ThermoCream
®
 and 
Radosalil
® 
on different concentration levels.  
 
level 
 
80% 100% 120% 
  
Recovery 
(%) 
RSD (%) 
n = 4
 
Recovery 
(%) 
RSD (%) 
n = 4
 
Recovery 
(%) 
RSD (%) 
n = 4
 
ThermoCream
®
 
 
M 
 
99.0 
 
0.5 
 
100.8 
 
0.3 
 
100.7 
 
0.3 
MeS 100.4 0.7 99.6 0.9 99.4 1.4 
Radosalil
®
 
 
C 
 
100.3 
 
0.7 
 
99.3 
 
1.3 
 
99.5 
 
0.8 
M 99.0 0.2 99.0 0.7 99.1 0.4 
MeS 99.4 0.3 99.8 0.6 99.1 0.7 
EtS 98.1 1.6 99.8 1.4 98.8 0.8 
 
Table 2.8: Recovery and repeatability data on the quantification of high boiling compounds in Vicks Vaporub
®
 and 
Reflexspray
®
. 
 
Compound 
 
Vicks Vaporub
®
 
 
Reflexspray
®
 
 Recovery (%) RSD (%) n = 4
 
Recovery (%) RSD (%) n = 4
 
 
C 
 
99.3 
 
0.5 
 
101.2 
 
0.4 
M 98.8 0.4 100.6 0.8 
MeS - - 101.6 0.7 
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2.4.5. Limit of quantification (LOQ) 
LOQ values (S/N = 10) for the FET-method were derived from the calibration curves. Values are expressed 
as amount per vial and sample concentration (Table 2.9). 
Table 2.9: LOQ values of the used FET method. 
 
Compound 
 
LOQ (µg/vial) 
 
LOQ 
Radosalil
®
 
(ppm) 
 
LOQ Vicks 
Vaporub
®
 
(ppm) 
 
LOQ 
Thermocream
®
 
(ppm) 
 
LOQ 
Reflexspray
®
 
(µg/mL) 
 
C 
 
0.3 
 
680 
 
1130 
 
2700 
 
0.27 
M 0.3 730 1210 2900 0.29 
MeS 0.3 720 1200 2880 0.29 
EtS 0.3 680 1140 2730 
0.27 
  
2.4.6. Analysis of commercial samples
 
Results obtained for commercial samples are given in Tables 2.10 and 2.11. The latter table shows results 
obtained for two Radosalil
®
 samples applying FET and sHS. It has to be remarked that compounds C, M, 
MeS and EtS are overdosed during the production of the Radosalil
®
 stick so that it is not abnormal that assay 
values above 100 % are found. From the comparison, it is clear that FET and sHS provide very similar 
results for all compounds. However, those obtained with FET show less variation on repetitive injections and 
peaks in the chromatogram are larger (Figure 2.6). This is remarkable since the amount of sample solution 
introduced into the vial is much smaller for FET than for sHS. Moreover, sample preparation is far more 
straightforward and requires no heating of the sample solution as with the original sHS method which also 
required heating of the sample before the actual analysis [9] with risk of losing volatiles. This clearly 
demonstrates the advantage of FET over sHS-sampling in terms of sensitivity when the compounds of 
interest have a high affinity for the dilution medium and/or matrix.  
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Table 2.10: Assay results for commercial samples of ThermoCream
®
, Reflexspray
®
 and Vicks Vaporub
®
. 
 
 
ThermoCream® 
 
Reflexspray
®
 
 
Vicks Vaporub
®
 
Compound Assay (%) RSD (%) n = 4
 
Assay (%) RSD (%) n = 4
 
Assay (%) RSD (%) n = 4
 
 
C 
 
- 
 
- 
 
98.0 
 
0.8 
 
94.9 
 
0.6 
M 108.0 0.7 100.0 0.9 96.2 0.2 
MeS 109.8 0.9 100.1 0.5 - - 
 
Table 2.11: Assay results obtained after analysis of commercial Radosalil
®
 samples with FET and sHS. 
 
Radosalil
®
 
 
Sample A FET 
 
Sample A sHS 
Compound Assay (%) RSD (%) n = 4
 
Assay (%) RSD (%) n = 4
 
 
C 
 
106.6 
 
1.0 
 
107.6 
 
1.4 
M 108.7 0.3 109.4 1.1 
MeS 108.7 0.5 106.9 1.3 
EtS 109.6 0.4 110.0 0.8 
 
 
Sample B FET 
 
Sample B sHS 
 Assay (%) RSD (%) n = 4
 
Assay (%) RSD (%) n = 4
 
 
C 
 
106.6 
 
0.9 
 
108.8 
 
1.4 
M 108.4 0.2 109.0 2.5 
MeS 113.5 0.3 112.0 2.5 
EtS 113.2 0.7 109.8 2.1 
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Figure 2.6: Overlay of Radosalil
®
 sample chromatograms obtained with (2) FET (compounds indicated by C, M, MeS, 
EtS and IS = internal standard) and (1) sHS (compounds indicated by C‘, M‘, MeS‘ and EtS‘). The difference in retention 
time between FET and sHS for the analytes is due to a different oven program and pressure.  
2.5. Conclusions 
FET is a very interesting sampling technique to be coupled to GC since it can avoid certain sHS related 
matrix effects. However, FET will not deal with chromatographic shortcomings, so that proper method 
validation (as always) is needed, preferably using a representative blank. 
In this paper, some high boiling compounds like C, M, MeS and EtS with high affinity to their apolar matrices 
were analysed using FET prior to GC. From the results shown, it can be concluded that FET (1) makes 
complex matrix-matched calibration superfluous, (2) yields larger analyte peaks leading to improved 
sensitivity and (3) shows excellent repeatability. 
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Abstract 
The sensitivity of gas chromatography (GC) combined with the full evaporation technique (FET) for the 
analysis of aqueous samples is limited due to the maximum tolerable sample volume in a headspace vial. 
Using an acetone acetal as water scavenger prior to FET-GC analysis proved to be a useful and versatile 
tool for the analysis of high boiling analytes in aqueous samples. 2,2-Dimethoxypropane (DMP) was used in 
this case resulting in methanol and acetone as reaction products with water. These solvents are relatively 
volatile and were easily removed by evaporation enabling sample enrichment leading to 10-fold improvement 
in sensitivity compared to the standard 10 µL FET sample volumes for a selection of typical high boiling polar 
residual solvents in water. This could be improved even further if more sample is used. The method was 
applied for the determination of residual NMP in an aqueous solution of a cefotaxime analogue and proved 
to be considerably better than conventional static headspace (sHS) and the standard FET approach, which 
do not allow proper analysis in this case. The methodology was also applied to determine trace amounts of 
ethylene glycol (EG) in aqueous samples like contact lens fluids, where scavenging of the water would avoid 
laborious extraction prior to derivatization. During this experiment it was revealed that DMP reacts 
quantitatively with EG to form 2,2-dimethyl-1,3-dioxolane (2,2-DD) under the proposed reaction conditions. 
The relatively high volatility (bp 93 °C) of 2,2-DD makes it possible to perform analysis of EG using the static 
headspace (sHS) methodology making additional derivatization reactions superfluous. 
Keywords 
Full Evaporation Technique, Static Headspace, Dehydration, 2,2-Dimethoxypropane. 
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3.1. Introduction 
Analysis of aqueous samples with gas chromatography (GC) has always been a challenge mainly due to 
water intolerance of most stationary phases towards repetitive injections of high amounts of water and 
injection liners that are incompatible towards the introduction of large amounts of water. Standard GC-
columns often degrade and injection liners are not able to deal with the gas expansion of water because of 
the heated injection port. Developed methods for the analysis of aqueous samples are either based on the 
isolation and enrichment of analytes prior to GC separation or on direct aqueous injections using special 
retention gaps and/or columns. Isolation of analytes can be done by using techniques such as supercritical 
fluid extraction (SFE), subcritical water extraction (SWE), cloud point extraction (CPE), solid phase extraction 
(SPE), solid phase microextraction (SPME), stir-bar sorptive extraction (SBSE) and single drop 
microextraction (SDME). However, all these techniques are biased towards more volatile compounds or 
apolar compounds that have a rather low affinity for water. Recently, a method was developed that uses a 
split injector packed with an adsorbent containing LiCl to enable injections up to 100 µL for the analysis of 
several high boiling analytes in water [1]. For the analysis of residual solvents in aqueous or water soluble 
pharmaceutical products, static headspace (sHS) GC and dynamic headspace (dHS) GC are traditionally 
used [2]. HS analysis is, in contrast to direct injection, a very clean method of introducing analytes on a GC 
column. When performing HS techniques with aqueous samples, incubation temperatures should be kept 
relatively low to ensure that the HS pressure does not exceed the limitations of the instrument. This limitation 
restricts the sensitivity for analytes with a high affinity for water and high boiling points such as N,N-
dimethylformamide (DMF), N,N-dimethylacetamide (DMA), dimethylsulfoxide (DMSO), N-methyl-2-
pyrrolidone (NMP) and 1,3-dimethyl-2-imidazole (DMI) when sHS is used. Their determination as residual 
solvents in aqueous samples is really problematic. A work around for DMSO is its reduction to the more 
volatile dimethylsulfide (DMS) enabling the indirect quantitative analysis of this high boiling polar solvent [3]. 
An additional possible disadvantage is that HS sampling is known to suffer from matrix effects. The so-called 
Full Evaporation Technique (FET) in combination with a more water resistant column has proven to be useful 
to improve the sensitivity for these typical polar residual solvents in aqueous samples [4] and provides 
elimination of matrix effects [5]. However, as with sHS sampling, pressure limits have to be respected as 
well, meaning that the introduced sample volume and therefore the sensitivity is still limited for aqueous 
samples. An approach to avoid this problem is to use desiccants such as CaCl2 or K2CO3 to trap water inside 
a HS vial forming hydrates. A method described in literature uses 6.0 g of CaCl2 to remove water for the 
analysis of phenol [6]. However, CaCl2 is known to adsorb phenol [7] and might introduce unwanted matrix 
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effects for other analytes too. Furthermore, introducing 6.0 g of a desiccant in a vial has serious 
consequences for the partial pressures of the analytes present in the vial. Moreover, water can be released 
when higher HS temperatures are used for the evaporation of higher boiling analytes. When performing this 
described method in our lab, most sample vials (~75%) actually ruptured for unclear reasons. Rupturing of 
the sample vials occurred in the incubation oven of the HS sampler, but when the heating process was 
repeated in an ordinary oven, vials stayed intact. Recently, FET has been combined with dHS to increase the 
tolerable sample volume by transferring the whole sample over a Tenax
®
 filled trap thereby eliminating the 
water [8-10]. Transferring occurs by purging the sample vial until analytes are (nearly) completely transferred 
to the trap. However, problems could still exist with analytes such as ethylene glycol (EG) which is prone to 
interact with many parts of the instrument (injector, column, etc.) resulting in erroneous results. Often, EG or 
other diols are analysed as phenyl boronate (PBA) [11] or trimethylsilyl (TMS) derivatives [12-14]. 
Unfortunately, most GC derivatization reagents tend to react with water as well and are therefore not easily 
applicable to aqueous samples. Furthermore, the derivatization of EG with PBA leads to a product with an 
even higher boiling point than EG itself (2-phenyl-1,3,2-dioxaborolane, 218 – 220 °C) and is susceptible to 
hydrolysis in an aqueous environment [15].  
An approach to circumvent the abovementioned problems could be a selective chemical reaction to remove 
enough or all water in order to be able to introduce a larger sample volume in a HS vial and enable 
derivatization and analysis of compounds such as EG; thereby increasing the sensitivity significantly when 
FET is applied. In fact, such chemical reactions are known including drying reactions with several agents or 
certain hydrolysis reactions such as the reaction of water with acetone acetals to give acetone and an 
alcohol as final products. This reaction has proven to be useful in the past for the analysis of DMSO in urine 
samples using direct injection in which 2,2-dimethoxypropane (DMP) was used as water scavenger [16]. 
DMP is also known as acetone dimethyl acetal and reacts endothermically with equimolar amounts of water 
producing methanol and acetone in a molar ratio of 2:1 with the help of an acid as catalyst (Figure 3.1).  
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Figure 3.1: Acid catalysed hydrolysis of DMP to produce methanol and acetone. 
The reaction consists of several equilibria with their own rate constants and starts by protonation of DMP 
resulting in methanol that splits off from the molecule. The resulting intermediate will react with a water 
molecule and lose a second methanol to form a protonated acetone molecule which yields a proton to 
catalyse further the reaction. This specific reaction has already been used before for the quantitative analysis 
of water when the well-known Karl-Fischer titration is not applicable [17-19]. Furthermore, samples have 
been dried using DMP prior to infrared (IR) spectroscopy [20], electron microscopy [21-23] and other 
histological applications [24,25]. It has been proposed in the past that a volumetric ratio of 1:10 for 
water:DMP is sufficient for complete water removal.    
This work describes the optimization and application of this DMP reaction on the analysis of a selection of 
typical high boiling residual solvents in aqueous samples. Firstly, the reaction was used for sample 
enrichment to extend the applicability of FET for aqueous samples and was tested for the analysis of DMF, 
DMA, DMSO, NMP and DMI. The final method was used for the detection and quantification of NMP in an 
aqueous solution of an analogue of cefotaxime (cephalosporin antibiotic) which is typically used for 
intravenous injections. Furthermore, the reaction was used for the analysis of EG in water and contact lens 
solutions after DMP treatment in which EG forms a cyclic ether named 2,2-dimethyl-1,3-dioxolane (2,2-DD). 
Contact lens solutions of several suppliers were collected and analysed for EG using the described protocol. 
Contact lenses can be made sterile by using ethylene oxide which may form EG when it comes into contact 
with water. Residual EG that is exposed to a person‘s eyes can cause irritation. The short term exposure 
limit (STEL) of EG is reported to be 40 ppm according to European guidelines [26]. STEL is the maximum 
concentration of a chemical to which workers may be exposed continuously for a short period of time without 
any danger to health, safety or work efficiency. 
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3.2. Experimental 
3.2.1. Reagents  
Methanol (99.99%), n-propanol (99+%), EG (99.75%), DMP (98+%) and NMP (>99.5%) were obtained from 
Acros Organics (Geel, Belgium). DMP was further purified by distillation under a nitrogen atmosphere. 
Benzyl alcohol (BA, >99%), DMI (>99.99%) and LC-MS grade water were purchased from Sigma Aldrich (St. 
Louis, MO, USA); DMF (>99.99%), acetone (>99.99%) and triethylamine (99.5%) from Fisher Scientific 
(Loughborough, United Kingdom) and DMSO from Merck (Darmstadt, Germany). Hydrochloric acid (37.5%) 
(HCl) was bought from VWR International S.A.S. (Fontenay-sous-Bois, France). Formic acid (65%) and 
sodium carbonate were from Chem-Lab NV (Zedelgem, Belgium). 2,2-DD (>98%) was purchased from TCI 
Europe (Zwijndrecht, Belgium). 
3.2.2. Chromatographic systems 
GC analyses were performed with a Perkin Elmer Autosystem XL (Waltham, MA, USA) equipped with a 
Perkin Elmer Turbomatrix 40 HS autosampler (balanced pressure system). All FET and sHS-parameters are 
given in Table 3.1.  
Table 3.1: Used HS parameters.  
 
Parameter 
 
FET 
 
sHS 
 
Equilibration temperature (ET) 
 
≥ 170 °C 
 
80 °C 
Equilibration time 20 min 20 min 
Needle temperature ≥ 5 °C above ET 120 °C 
Transfer line temperature ≥ 10 °C above ET 140 °C 
Pressurization time 1.0 min 1.0 min 
Injection time 0.04 min 0.04 min 
Needle withdrawal time 0.4 min 0.4 min 
Injection port temperature ≥ 15 °C above ET 200 °C 
Carrier gas pressure 160 kPa 160 kPa 
Split ratio 1:5 1:5 
Detector type FID /MS FID /MS 
Split ratio FID/MS 3:1 3:1 
Detector temperature FID 220°C 220 °C 
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A minimum FET temperature of 170 °C was selected to ensure the complete evaporation of all analytes. HS-
vials and PTFE/Sil-caps were purchased from Perkin Elmer as well. Separations regarding FET-GC of polar 
residual solvents were carried out on an AT
TM
-Aquawax column (30 m x 0.53 mm, df = 0.50 µm) from Grace 
(Columbia, MD, USA). Separations for EG analysis and the evaluation of reaction parameters were carried 
out on a ZB-624 column (30 m x 0.53 mm, df = 3.00 µm). The oven program given in Table 3.2 was used for 
all experiments. The effluent from the column was splitted towards the FID and a Perkin Elmer Turbomass 
mass spectrometer (MS) operated in full scan mode. 
Table 3.2: GC oven program. 
 
t (min) 
 
T (°C) 
 
0 
 
40 
10 40 
15 (40 °C/min) 240 
25 240 
40 40 
 
3.2.3. Preparation of solutions 
3.2.3.1. Checking of DMP-water reaction parameters 
Water scavenging reactions were performed with different volume ratios of water/DMP (1:2.5 to 1:27.5) 
catalysed by varying volumes of HCl (1 to 10 µL) to determine the optimum reaction conditions. The use of 
formic acid as a catalyst and the influence of the reaction time were tested as well. Reactions were 
performed in open HS vials (not capped). After the reaction, 10 mL of DMF was added to create a suitable 
matrix for the sHS determination of acetone.  
3.2.3.2. DMP-water reaction procedure 
Reactions with aqueous samples were performed by transferring 4 mL of sample in a volumetric flask of 50 
mL and adding 40 mL of DMP to react with water. Reactions were catalysed by adding 10 µL of hydrochloric 
acid (37.5 w/w %) to the solution. The solution cools down significantly during the hydrolysis reaction which 
was considered to be completed when the flask was again at room temperature. 1 mL of the appropriate 
internal standard solution (see 3.2.3.3.) was added before completing to volume with methanol. Samples 
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were neutralised afterwards by addition of a spoonful (~ 5 g) of sodium carbonate to obtain a saturated 
solution. Since sodium carbonate does nearly not dissolve in the mixture, solutions were stirred for 10 
minutes with a magnetic stir bar to improve contact. Supernatant was decanted in a centrifuge tube and 
centrifuged at 4500 g for 10 minutes. The same procedure was used to prepare blank solution. As an 
alternative to sodium carbonate, neutralisation was also performed with 20 µL of triethylamine before adding 
up to volume. Since triethylamine mixes well with the reaction mixture, neutralisation occurs instantaneously 
and centrifugation is not necessary anymore. 
3.2.3.3. Solutions for FET analysis of polar residual solvents 
A stock solution was prepared by dissolving the following high boiling polar residual solvents in methanol: 
DMF, DMA, DMSO, NMP and DMI (14 mg/mL). For the internal standard solution used for calibration, BA 
was dissolved in methanol to obtain concentrations of 14 mg/mL. Calibration solutions were prepared by 
diluting appropriate volumes of the stock solution in methanol. Each time 3 mL of internal standard solution 
was added before adding up to the volume of 25 mL. 10 µL of calibration solution was transferred to a HS 
vial and sealed with a PTFE/Sil-cap for FET-GC analysis.   
A sample stock solution of the same high boiling polar solvents (1.4 mg/mL each) was also prepared in LC-
MS-grade water. Due to the dilution factor of 50 for the internal standard (cfr. 1 mL to 50 mL, section 3.2.3.2.) 
another internal standard solution was prepared by dissolving BA in methanol to obtain a concentration of 
0.84 mg/mL. One mL of neutralised solution obtained by treating a sample with the procedure described in 
3.2.3.2. was transferred to a HS vial which was not closed. The vials were placed in a vacuum oven at room 
temperature set at ≤0.1 kPa for 5.5 min to remove the excess of methanol, acetone and DMP. After 
evaporation, the vials were capped with a PTFE/Sil-cap to be analysed with FET-GC.  
3.2.3.4. Residual NMP determination in cefotaxime analogue solution 
The 0.4 % solution of the cefotaxime analogue in water for injection was analysed as such by sHS-GC at 80 
°C and standard FET-GC (sample volume of 10 µL) as well as by FET-GC after treatment using the 
procedure described in 3.2.3.2.  
3.2.3.5. Solutions for sHS analysis of EG 
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A stock solution of EG (2 mg/mL) was prepared in LC-MS grade water. DMSO was used as solvent to 
prepare a 0.2 mg/mL stock solution of 2,2-DD. Calibration solutions were prepared by diluting appropriate 
volumes of this 2,2-DD stock solution in DMSO.  
Next, 1.0 mL of calibration solution was mixed with 1.0 mL of blank prepared by the procedure described in 
3.2.3.2. Samples were treated according to 3.2.3.2 and 1.0 mL of the resulting solution was transferred to a 
headspace vial followed by addition of 1.0 mL of DMSO. Finally, the vial was closed with a PTFE/Sil-cap to 
be analysed with sHS-GC. 
3.2.4. Method validation  
The linearity of the calibration curve was determined by analysing calibration solutions with the described HS 
methods. In case of FET-GC analysis, peak areas were corrected by normalisation towards the internal 
standard and plotted vs. the analyte concentrations. The recovery of the polar residual solvents method was 
determined by preparing aqueous sample dilutions with known concentrations of analytes. Resulting 
concentrations were in the range of 50-250 ppm. Consequently, an aliquot was treated according to the 
aforementioned protocol and analysed with the appropriate FET-GC method. 
The recovery of the EG method was determined by preparing aqueous samples with known concentrations 
of EG. Resulting concentrations were in the range of 175-350 ppm and samples were treated according to 
the aforementioned protocol and analysed with the appropriate sHS-GC method.   
3.3. Results & Discussion 
3.3.1. Investigation of DMP treatment parameters 
3.3.1.1. Amount of acid and reaction time 
Important parameters were the amount of acid necessary to catalyse the reaction to completion and the time 
needed. In order to test the influence of different amounts of HCl and reaction times, reactions were 
performed with 100 µL of water and 2.5 mL of DMP to which 1, 5, 10 or 20 µL of HCl was added. Adding 2.5 
mL of DMP meant that a larger ratio than 1:10 was used. This was done to have an excess of DMP. To 
evaluate the influence of both parameters the obtained peak area of acetone was plotted against the 
reaction time. As can be seen from Figure 3.2, the acetone yield stays rather constant for all tested amounts 
of added HCl. The tendency of the acetone yield curve to decrease over time might be due to the fact that 
acetone is rather volatile and that therefore acetone might evaporate partially over time. Since a volume of 
10 µL was also used for FET analysis, for practical reasons addition of 10 µL of acid was selected.    
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Figure 3.2: Acetone yield vs. reaction time and amount of added HCl. 
3.3.1.2. Amount of DMP 
As mentioned earlier, a ratio of 1 mL of water to 10 mL of DMP was proposed for complete elimination of 
water from aqueous samples. In order to check this, different ratios of water:DMP were tested. Each time 10 
µL of HCl was added. This experiment was performed for 3 different volumes of water (50; 100 and 150 µL) 
with increasing volumes of added DMP. By plotting the obtained peak area for acetone versus the amount of 
DMP (Figure 3.3), it was noticed that all three curves flatten from a water DMP ratio of 1:10. MS data of a 
sample that was treated using a 1:10 ratio were evaluated to check if all water from the sample was 
removed. However, the air in a HS vial also contains some water so that always a small amount of water is 
injected on the column. Therefore a comparison was made with an empty vial (just filled with air). Extracting 
an m/z value of 18, it was found that the obtained water peak for the treated sample was even smaller than 
for the empty vial (Figure 3.4). This could be explained by the fact that residual DMP reacts with the moisture 
in the air. 
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Figure 3.3: Acetone yield vs. different volumes of DMP. 
 
Figure 3.4: Comparison between the water content of an empty vial and a vial containing 10 µL of treated water sample 
using extracted ion chromatograms of 18 m/z from MS data. Chromatograms were recorded using the instrumental 
parameters described in 3.2.2. 
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3.3.1.3. Type of acid 
Using a weak acid such as formic acid instead of HCl can be an advantage as it is less harmful for the 
column and volatile too. In order to test the suitability of formic acid, reactions of 100 µL of water with 
different amounts of DMP were catalysed by using 10 µL of formic acid. The acetone yield was compared 
with samples catalysed with 10 µL of HCl. As can be seen from the acetone yield depicted in Figure 3.5, a 
strong acid such as HCl is necessary to catalyse the reaction.  
 
Figure 3.5: Comparison of the acetone yield between HCl and formic acid as catalyst. 
3.3.2. Influence of sample acidity on the response of analytes and choice of neutralising agent 
After completion of the DMP hydrolysis reaction, there is still hydrochloric acid present in the final solution 
which can result in degradation of the GC column as well as of the analytes when the sample is not 
neutralised prior to analysis. For instance, DMSO is known to degrade to dimethylsulfide (DMS) and/or 
dimethylsulfone (DMSO2) under strong acidic or basic conditions and elevated temperatures. In order to 
check the influence of the sample acidity, a measurement was performed on an acidified calibration solution 
and compared with a non-acidified calibration standard. Results depicted in Figure 3.6 clearly show the 
influence of acid that remains in the sample after treatment. 
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Figure 3.6: GC-FID chromatogram of acidified calibration standard (lower chromatogram) compared with this of a normal 
calibration standard (upper chromatogram). Ratios of peak areas of an acidified calibration standard vs. a normal 
calibration standard: DMF = 0.9969, DMA = 1.0093, DMSO = 0.2740, NMP = 0.9536, DMI = 0.5371 and BA = 0.9545. 
Chromatogram was recorded using the instrumental parameters described in 3.2.2. 
In the lower chromatogram of Figure 3.6 several additional little peaks can be noticed while the peaks for 
DMSO and DMI are clearly smaller. In the ideal case (without degradation) the only difference in peak areas 
should arise from variations of the small sample volume introduced in the HS vial. So, the area ratio of 
corresponding peaks in the two chromatograms should be the same. The ratios obtained are given in the 
legend of Figure 3.6. The ratios for DMF and DMA are both close to 1 meaning that the variation on injection 
was very small between the two samples and that there is no acid induced degradation occurring. The ratios 
for NMP and BA are 5% below the optimum which is an indication of degradation and makes BA unsuitable 
as internal standard under acidic conditions. The most obvious difference is the ratio change for DMSO and 
DMI and the large extra peak eluting after the internal standard. After evaluation and comparison of the mass 
spectrum with the NIST library, it was revealed that this peak had a similar fragmentation pattern as DMSO2.  
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Figure 3.7 depicts the comparison of the obtained mass spectrum (after background subtraction) of the 
unknown compound with this of the NIST library. From these results it became clear that sample 
neutralisation is necessary. Addition of sodium carbonate followed by stirring for at least 10 minutes to 
improve contact with the solution (not optimized) ensured complete neutralisation. 
  
Figure 3.7: Comparison of the mass spectrum of the unknown peak (degradation product) in Figure 3.6 with the mass 
spectrum of DMSO2.   
Triethylamine also ensures complete neutralisation due to its good solubility in the reaction mixture and 
makes centrifugation unnecessary. However, neutralisation of hydrochloric acid with triethylamine results in 
the formation of triethylammonium chloride that could compromise the HS analysis. Indeed, 
triethylammonium chloride does have a rather good solubility in for instance acetone and methanol in 
contrast to sodium carbonate. Therefore, it is not possible to remove this salt by a simple centrifugation or 
filtration step. After analysis, deposition of triethylammonium chloride to the vial wall was clearly visible and 
could possibly result in adsorption effects and a large interference which is eluted in the time frame where 
also DMA eluted (Figure 3.8). Also, triethylamine caused the response to vary during a sequence, most likely 
due to adsorption effects of excess of triethylamine in the HS system.  
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Figure 3.8: Chromatogram of the acid catalysed reaction mixture after neutralisation with triethylamine and blank. 
Chromatogram was recorded using the instrumental parameters described in 3.2.2. 
3.3.3. Optimization of the solvent evaporation step (FET-GC) 
The vacuum evaporation of the solvents, formed by the reaction of DMP with water (methanol and acetone) 
in the sample vials turned out to be a very crucial step to ensure a good recovery of the analytes. If the 
excess solvents are removed insufficiently, the amount of solvent remaining in the vials would be too large, 
resulting in a vial pressure that is too high to perform FET analysis. On the other hand, evaporation to 
complete dryness could result in the loss of analyte. However, since the included analytes have a higher 
boiling and lower vapour pressure compared to methanol and acetone, this step should be controllable. So, 
different evaporation times were tested after DMP treatment and as shown in Figure 3.9 it is clearly visible 
that after 6 minutes the loss of analyte starts to occur under the used vacuum conditions. It was decided to 
carefully time the evaporation step to ensure an adequate recovery of all analytes. 5.5 minutes provided 
adequate recoveries for all analytes without crossing the limits of the maximum sample volume. In this case 
a significant gain in sensitivity is obtained as compared to standard FET where 10 µL is used [4]. After 
sample treatment, samples are diluted 12.5 times (4 mL to 50 mL, see 3.2.3.2.) but are enriched about a 
factor 100 when the amount of solvent is reduced to 10 µL. This results in a net gain of about 10 and could 
even be improved further when a larger volume is treated with the vacuum drying step.    
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Figure 3.9: Comparison of different evaporation times under the used vacuum conditions. 
3.3.4. Identification of EG-DMP derivative 
Attempts were done initially to derivatize EG (after water removal by DMP) with phenyl boronic acid (PBA) or 
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA). However, EG derivatives of PBA or BSTFA could not be 
identified in the samples. This can be explained because a reaction already took place between EG and 
DMP leading to the quantitative formation of 2,2-DD under the removal of water which is also scavenged by 
DMP (Figure 3.10). This reaction is well known in organic synthesis where it is used as protecting agent for 
diols like EG [27]. To the best knowledge of the authors, the application of DMP as a derivatization agent for 
GC-analysis of EG has never been described before. The obtained mass spectrum of the product is shown 
in Figure 3.11 and was confirmed by the NIST library. In the chromatogram obtained using an AT
TM
-
Aquawax column, 2,2-DD eluted on the shoulder of methanol that is originating from the DMP treatment. To 
have more retention for 2,2-DD it was decided to change to a column with a less polar stationary phase like a 
ZB-624 column. 2,2-DD was analysed with sHS since 2,2-DD has a relatively low boiling point (93 °C) so 
that it was not possible to apply the solvent evaporation step as with the other polar residual solvents.    
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Figure 3.10: Reaction mechanism of the acid catalysed protection of diols with DMP. 
 
Figure 3.11: Comparison of the mass spectrum of the reaction product of EG after treatment of the aqueous sample by 
DMP with the mass spectrum of 2,2-DD. 
 
 
Mass spectrum of 2,2-DD 
Mass spectrum of reaction product 
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3.3.5. Further improvement 
After treatment and derivatization with DMP of aqueous samples containing EG, it is possible to further 
improve sHS analysis by adding a sHS compatible high boiling diluent such as DMSO. By adding DMSO to 
the resulting sample solution, partial pressures of methanol and acetone are lowered so that a higher HS 
temperature can be applied without exceeding the pressure limits that have to be taken into account when 
performing HS experiments. A potential approach to further extend the applicability is to use an acetal that 
produces a higher boiling alcohol such as propanol, so that HS temperatures can be increased leading to an 
increased sensitivity of the method. An example of such an acetal is 2,2-dipropoxypropane to produce 
acetone and n-propanol. However, this product is not easily commercially available. A mixture of propanol 
and acetone (in a molar ratio of 1:2) containing 2,2-DD was prepared to which DMSO was added for sHS 
analysis. It was found that the HS temperature could be increased to 100 °C compared to the maximum 
temperature of 80 °C when DMP is used as water scavenger. This resulted in a sensitivity gain of a factor 
2.4 for 2,2-DD. 
3.3.6. Method validation 
3.3.6.1. Linearity of calibration curves  
Calibration curves using 5 concentration levels for the mixture of polar residual solvents were constructed in 
the range of 500 – 3000 mg/L by repetitive injections of each calibration point. R
2
 values were found to be 
equal to or higher than 0.999, indicating that a good linear relationship was obtained between concentration 
and peak areas for all analytes. For EG, a calibration curve with 5 different concentration levels of 2,2-DD 
was constructed in the range from 2.1 – 24.6 mg/L and an R
2
 of 0.999 was obtained. The lowest calibration 
point of 2.1 mg/L is equal to the limit of quantification (LOQ), determined at a signal-to-noise ratio of 10. 
Taking into account the dilution and difference in molecular weight between 2,2-DD and EG, this 
corresponds to 32 ppm of EG, which is lower than the STEL limit of 40 ppm. For all analytes, a lack of fit test 
was performed (Table 3.3) and the residuals were checked. These results were satisfactory as all obtained 
F-values were lower than the critical F values. 
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Table 3.3: Lack of fit results for all analytes. 
 
 
DMF 
 
DMA 
 
DMSO 
 
NMP 
 
DMI 
 
EG 
MS residuals 
 
0,000068 
 
0.000074 0.000068 0.000062 0.000022 38631 
df residuals 10 10 10 10 10 8 
MS pure error 0.000085 0.00010 0.000051 0.000048 0.000017 24963 
df pure error 7 7 7 7 7 5 
MS lack of fit 0,000029 0.000015 0.00011 0.000094 0.000033 61411 
df lack of fit 3 3 3 3 3 3 
F value 0.34 0.15 2.08 1.94 1.97 2.46 
F critical 4.35 4.35 4.35 4.35 4.35 5.41 
 
3.3.6.2. Recovery and repeatability 
Results for all analytes are given in Table 3.4. The recovery values found were between 97.5 and 103.9% 
and RSD-values did not exceed 3.8%, which is acceptable for such small amounts determined by GC. 
Table 3.4: Recovery results for the studied polar residual solvents. 
 
 
50 ppm 
 
 
100 ppm 
 
 
250 ppm 
 
 
Compound 
 
Recovery (%) 
 
RSD (%) n = 8 
 
Recovery (%) 
 
RSD (%) n = 8 
 
Recovery (%) 
 
RSD (%) n = 8 
DMF 98.0 3.2 97.6 1.5 100.9 2.6 
DMA 97.5 1.1 100.1 1.4 99.7 3.8 
DMSO 103.9 1.2 100.7 3.6 101.7 2.5 
NMP 101.8 2.3 103.4 1.1 100.3 2.2 
DMI 97.9 1.0 97.8 2.5 98.3 2.3 
 
 
175 ppm 
 
 
250 ppm 
 
 
350 ppm 
 
 
 
Recovery (%) 
 
RSD (%) n = 6 
 
Recovery (%) 
 
RSD (%) n = 6 
 
Recovery (%) 
 
RSD (%) n = 6 
EG 100.5 2.3 101.8 1.2 101.6 1.2 
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3.3.7. Analysis of residual NMP in an aqueous solution of a cefotaxime analogue   
To demonstrate the applicability of the scavenging method, aqueous solutions of a cefotaxime analogue 
(0.4%) were analysed. NMP was used during the preparation of this analogue and it was therefore 
necessary to screen for residual solvents. Using sHS-GC (which is typically used to screen and quantify 
residual solvents) did not result in detection of NMP in the sample (Figure 3.12). Standard FET-GC did result 
in a very small peak, but this was too small for reliable quantification. After analysis of the aqueous 
cefotaxime solution using the described water scavenging method, NMP could be properly detected and 
quantified. The cefotaxime analogue was found to contain 0.63% (m/m) of NMP.  
 
Figure 3.12: Analysis of NMP in an aqueous sample containing 0.4% of a cefotaxime analogue using three approaches: 
Upper trace: FET after water scavenging and enrichment procedure, Middle trace: standard FET analysis of 10 µL 
sample, Lower trace: sHS analysis at 80 °C.  
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3.3.8. Analysis of EG in contact lens fluids  
Five different contact lens fluids were examined. In four of them, no traces of EG were detected, but one of 
the samples did contain 2,2-DD which was formed from EG originally present in the sample. The 2,2-DD 
concentration was found to be 4.8 mg/L, which was recalculated to 73 ppm of EG in the original sample. This 
is above the threshold concentration at which harmful effects start to manifest.   
3.4. Conclusions 
Results have shown that the DMP hydrolysis reaction with water is an excellent method to circumvent 
several GC related problems. Firstly, the DMP hydrolysis reaction enabled sample enrichment of aqueous 
samples prior to FET-GC analysis to address the problems related to the maximum tolerable sample volume. 
In this case a 10-fold increase of sensitivity was obtained compared to standard FET of aqueous samples 
where 10 µL is used and this can be further improved if a larger sample volume is enriched during the 
vacuum drying step. The proposed method provides adequate recovery for a set of typical high boiling polar 
residual solvents after successfully removing water from aqueous samples. The developed method was 
applied for the determination of residual NMP in an aqueous solution containing a cefotaxime analogue. 
NMP was successfully detected and quantified using the water scavenging method while standard FET and 
sHS approaches showed insufficient sensitivity. Furthermore, it was discovered that under the used reaction 
conditions EG converts quantitatively to 2,2-DD whilst water is eliminated as well. This makes further 
derivatization with reagents such as PBA or BSTFA superfluous. Adding DMSO to the sample enabled sHS 
analysis of EG making it possible to quantify 40 ppm of EG in aqueous samples which is the level where EG 
starts to have an effect on human health according to its STEL limit. As with the high boiling residual 
solvents, good recoveries were obtained with an acceptable limit of quantification. By selecting another 
acetone acetal (such as 2,2-dipropoxypropane) higher boiling alcohols could be produced. This has the 
advantage that higher HS temperatures could be selected leading to a higher sensitivity. Finally, the 
proposed method could also be used with direct injection as the resulting reaction mixture is not harmful to 
non-water resistant GC columns and flooding of injection liners would be avoided. This will enable large 
volume injection with for instance a programmed temperature injector to increase further the sensitivity. 
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Abstract 
The analysis of quaternary ammonium salts (QAS) using GC is often performed by ‗‘in injector‘‘ pyrolysis to 
create volatile degradation products for quantification purposes. Besides the risk of severe system 
contamination, the application of this approach on aqueous samples is problematic. In this work, the sample 
is treated in a vial with 2,2-dimethoxypropane (DMP) under acidic catalysis. In addition to the removal of 
water and sample enrichment, the QAS are decomposed. As HS transfers only volatile compounds to the 
GC system, contamination is avoided. It was found that depending on the presence of benzyl, phenyl or 
methyl groups on the quaternary nitrogen; benzyl chloride, N,N-dimethylaniline or chloromethane are formed 
respectively in the sealed vial. All these can be used as an analytical target. A calibration curve for benzyl 
chloride could be derived from the pure compound. Chloromethane was generated from pure 
benzyldimethyldecylammonium chloride (BEDIDE), a pure QAS with benzyl and methyl groups, to construct 
a secondary calibration curve using a back analysis approach. It has been proven that by quantifying the 
formed analytical targets, the mass balance for the QAS under investigation was close to 100%. The 
presented procedure allows the quantification of any aromatic substituted QAS without the need for a 
matching reference, which is a major advantage over existing CE and HPLC methods. The proposed 
methodology was validated for mouth sprays containing benzethonium chloride (BZTCl) or benzoxonium 
chloride (BZOCl) and for denatonium benzoate (DB) in ethylene glycol (EG) based cooling liquids. Results 
showed that the approach provided excellent linearity (R
2
 ≥ 0.999) and limits of detection around 0.01 µg/vial 
for benzyl chloride. It was found that the reaction product of DMP and glycerol which was also present in the 
mouthspray and some cooling liquids, caused chromatographic interference with benzyl chloride. Treating 
those samples in the vial with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) after the enrichment step 
removes the interference and leaves a possible pathway for the simultaneous determination of glycerol in 
those samples. 
Keywords 
Headspace, quaternary ammonium salts, gas chromatography 
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4.1. Introduction 
Quaternary ammonium salts (QAS) are synthesised by reaction of tertiary amines with halogenated 
compounds and are mostly used as disinfectants, surfactants, corrosion inhibitors or pest controllers. The 
analysis of QAS is usually performed using liquid chromatography (LC) [1-9], capillary electrophoresis (CE) 
[10-12] or gas chromatography (GC) [13, 14]. Although LC is often combined with mass spectrometry (MS), 
LC-MS based methods often suffer from matrix effects that cause ion suppression in the ion source. This can 
be (partly) counteracted by using labelled standards which are however not always easily available and can 
be very expensive. It is also known that CE does not offer the best repeatability/reproducibility and is more 
problematic towards method transfer. GC methods are based on pyrolysis GC in which a sample is 
introduced into a heated injector. This has the disadvantage that when not all the resulting pyrolysis products 
are volatile, parts of the GC system can become contaminated by the gradual build-up of residues that 
cannot be evaporated. The determination of QAS in aqueous samples poses an even larger challenge. 
Evaporation of large amounts of water in an injection liner is problematic due to the large resulting gas 
volume after evaporation leading to flooding of the injection liner. Moreover, the introduction of large 
amounts of water on a GC column leads to column damage unless special water resistant columns are used. 
Static headspace (sHS)-GC on the other hand allows clean sample introduction as only volatile sample 
constituents are introduced in the GC system. However, the use of sHS-GC in combination with aqueous 
samples is limited as the used incubation temperature should be kept below the boiling point of water. This 
limits the sensitivity for analytes with a high boiling point and large affinity for the aqueous matrix. Recently, a 
method was published in which an acetone acetal was used for the complete removal of water prior to the 
analysis of a selection of typical high boiling polar residual solvents [15]. Acetone acetals such as 2,2-
dimethoxypropane (DMP) react with water to form acetone and methanol under acidic catalysis. The fact that 
the resulting products are much more volatile than the analytes (which have a high boiling point), enables 
sample enrichment by simple evaporation using either a vacuum oven or a stream of nitrogen.  
This work covers the use of full evaporation (FET)-HS-GC for the analysis of benzyl substituted QAS in 
aqueous samples after removal of water with DMP. First, a screening of typical QAS was performed to 
determine the resulting products and to evaluate the quantitative relationship of this approach. Finally, the 
method was applied to the analysis of denatonium benzoate (DB) in cooling liquids that contain both water 
and ethylene glycol (EG). The same approach was used to analyse benzethonium chloride (BZTCl) and 
benzoxonium chloride (BZOCl) in mouth sprays.  
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4.2. Experimental 
4.2.1. Reagents  
DMP (98+%), o-xylene (99%), N,O-bis(trimethylsilyl)trifluoroacetamide (95%) (BSTFA), sodium dodecyl 
sulphate (99.0%) (SDS) and N,N-dimethylaniline (99%) were purchased from Acros Organics (Geel, 
Belgium). Hydrochloric acid (37.5%) (HCl) was bought from VWR International S.A.S. (Fontenay-sous-Bois, 
France). DB (98%), BZTCl (99.0%), benzyldimethyldecylammonium chloride (BEDIDE) (97.0%), benzyl 
chloride (99%), sodium phosphate monobasic and trimethylphenyl ammonium chloride (TMPACl) (98%) 
were from Sigma Aldrich (New Jersey, USA). Toluene (99.8%) was purchased from Alfa Aesar GmbH & Co 
KG (Karlsruhe, Germany). Water was purified using a milliQ-system (Darmstadt, Germany). Phosphoric acid 
(85%) was obtained from Chemlab NV (Zedelgem, Belgium). Cooling liquids denatured with DB and 
consisting out of about 50 % v/v of EG and 50 % v/v of water were purchased in a local shop while mouth 
sprays containing BZTCl and BZOCl respectively were obtained from a local pharmacy (See Table 4.1 for 
their composition).   
Table 4.1: Composition of the analysed mouth sprays. 
 
BZTCl mouth spray 
 
BZOCl  spray 
435 ppm BZTCl 
 
~0.2% BZOCl 
 
Chlorhexidine digluconate 
Maltitol 
Ethanol 
Menthol 
Castor oil 
Water 
Sorbitol 
Ethanol 
Glycerol 
Peppermint oil 
Menthol 
Hydrochloric acid 
Water 
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4.2.2. Chromatographic systems 
4.2.2.1. GC analyses 
HS-GC analyses with flame ionization detection (FID) were carried out with an Agilent 6890 series GC 
equipped with a Perkin Elmer Turbomatrix 40 HS autosampler (balanced pressure system) (Waltham, MA, 
USA). GC-MS identifications and single ion monitoring (SIM) on m/z 91 and m/z 126 were performed with a 
Perkin Elmer Autosystem XL equipped with a Turbomatrix 40 HS autosampler and Perkin Elmer Turbomass 
mass spectrometer (parameters are given in Table 4.2). HS vials and PTFE/Sil caps were purchased from 
Perkin Elmer as well. All separations were carried out on an AT-1 column (30 m x 0.53 mm, df = 5.00 µm) 
from Grace Alltech (Deerfield, IL, USA). The used oven program for separations is given in Table 4.3.   
Table 4.2: HS parameters used. 
 
Parameter 
 
HS parameters 
 
Equilibration temperature 
 
170 °C 
Equilibration time 60 min 
Needle temperature 180 °C 
Transfer line temperature 190 °C 
Pressurization time 1.0 min 
Injection time 0.04 min 
Needle withdrawal time 0.4 min 
Injection port temperature 200 °C 
Carrier gas pressure 130 kPa 
Split ratio 1:5 
Detector temperature FID 250 °C 
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Table 4.3: GC oven program used. 
 
t (min) 
 
T (°C) 
 
0 
 
40 
6.25 (8 °C/min) 90 
16 (15 °C/min) 240 
24.25 240 
40 40 
 
4.2.2.2. LC analyses 
LC-UV analyses for the determination of DB in cooling liquids were performed using an ion pair method 
reported in literature [16]. A system, consisting of a Spectra system pump P1000 XR from Thermo Fisher 
Scientific (Waltham, MA, USA), an autosampler from Spark Holland (Emmen, the Netherlands) and a L-2400 
UV detector from Hitachi Elite LaChrom (San Jose, CA, USA) was utilized. The column used was a Waters 
(Milford, MA, USA) Symmetry C18 (100 Å, 5 μm, 150 * 3.9 mm I.D.) The LC-system was monitored by 
Chromeleon software (Dionex, Sunnyvale, CA, USA). See Table 4.4 for the method parameters. 
Table 4.4: LC-UV method for the analysis of DB. 
 
Parameter 
 
Setting 
 
Injection volume 
 
20 μL 
Mobile phase 
buffer solution pH3 with SDS (10 mM) -
acetonitrile (50:50, % v/v) 
Column Symmetry C18, 100 Å, 5 μm, 150 x 3.9 mm I.D. 
Flow 1.2 mL/min., isocratic 
Column temperature 35 °C 
Detection wavelength 210 nm 
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4.2.3. Preparation of solutions and samples  
4.2.3.1. GC analyses 
4.2.3.1.1. Screening samples of different QAS 
An overview of the QAS included in this study is given in Table 4.5. Solutions of pure QAS available as their 
chloride salt (BZTCl, BEDIDE and TMPACl) and DB having benzoate as counter ion with concentrations of 
15 mg/mL were prepared in methanol. For BZTCl, BEDIDE and TMPACl, 100 µL of each solution was 
transferred to a HS vial. As DB is not a chloride salt, the reaction did not proceed and so the procedure was 
adapted. 100 µL of methanolic DB solution and 10 µL of HCl  were introduced in a HS vial. After evaporation 
to dryness using a vacuum oven, vials were sealed with a PTFE/Sil cap and analysed using the described 
HS-GC method to identify the major volatile decomposition (or pyrolysis) products.  
BZOCl was not available as pure salt. Therefore, 10 µL of mouth spray containing BZOCl was treated with 1 
mL of DMP (to which 10 µL of HCl was added) for water scavenging. This procedure was carried out directly 
in the HS vial which was dried under vacuum afterwards. Next, the vial was sealed with a PTFE/Sil cap.  
4.2.3.1.2. Internal standard solution  
200 mg of toluene was dissolved in 10 mL of o-xylene and diluted 10 times by transferring 5.0 mL of the 
solution to a volumetric flask of 50 mL. o-Xylene was used to bring the solution up to volume.  
4.2.3.1.3. Calibration solutions for the determination of benzyl chloride  
200 mg of benzyl chloride was dissolved in 10 mL of o-xylene and diluted 10 times by transferring 5.0 mL to 
a volumetric flask of 50 mL and bringing to volume with o-xylene. A 6-point calibration series was prepared in 
the range from 100 – 600 mg/L. Before bringing to volume with o-xylene, each time 4.0 mL of internal 
standard solution was added. Calibration was performed by analysing 10 µL of each solution.  
4.2.3.1.4. Calibration solutions for the determination of chloromethane  
A solution of BEDIDE in methanol was prepared by dissolving 20 mg in 25 mL of methanol. A 6-point 
calibration curve in the range from 1 – 10 mg/L was prepared using appropriate dilutions in methanol. 200 µL 
of each calibration solution was transferred into a HS vial and methanol was removed by vacuum 
evaporation. Then, 10 µL of o-xylene was added to the vial which was sealed with a PTFE/Sil-cap.  
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4.2.3.1.5. Sample preparation for the HS analysis of DB in cooling liquids (50% EG) 
Samples were diluted 20-times with water from which an aliquot of 1.0 mL was transferred to a HS vial. After 
adding 10.0 mL of DMP and 50 µL of HCl, the mixture was left for 5 minutes to react. After the water 
scavenging process, samples were placed in a vacuum oven at 30 °C for 2 hours to evaporate all solvents 
and HCl. After the drying step, another 1.0 mL of DMP and 10 µL of HCl were added to react with residues of 
EG. Once again, samples were evaporated before adding 10 µL of o-xylene to the sample vial. Finally, vials 
were sealed with a PTFE/Sil-cap and analysed with the described HS method. In case of FID detection, 100 
µL of BSTFA was transferred into the sample vial for silanisation and evaporated to dryness before addition 
of 10 µL o-xylene and closure of the vial.   
4.2.3.1.6. Sample preparation for the HS analysis of BZTCl in a mouth spray 
A mouth spray containing BZTCl was diluted 100 times in water. 1.0 mL of the resulting solution was brought 
into a HS vial and 10.0 mL of DMP and 50 µL of HCl were added. After reacting for 5 minutes, samples were 
evaporated to dryness in a vacuum oven at 30 °C. Before sealing the vials with a PTFE/Sil cap, 10 µL of o-
xylene was added.  
4.2.3.1.7. Sample preparation for the HS analysis of BZOCl in a mouth spray 
A mouth spray containing BZOCl was diluted 250 times in water. 1.0 mL of the resulting solution was brought 
into a HS vial and 10.0 mL of DMP and 50 µL of HCl were added. After reacting for 5 minutes, samples were 
evaporated to dryness in a vacuum oven at 30 °C. Before sealing the vials with a PTFE/Sil cap, 10 µL of o-
xylene was added. 
4.2.3.2. LC analyses 
4.2.3.2.1. Preparation of the mobile phase  
A 0.1 M buffer solution of NaH2PO4 and phosphoric acid was prepared by adjusting the pH to 3.0. Next, 100 
mL of the buffer was diluted 10 times in a volumetric flask of 1000 mL. Before bringing to volume, 2.88 g of 
SDS was added. Finally, 500 mL of the resulting buffer solution was mixed with 500 mL of acetonitrile.  
4.2.3.2.2. SDS solution 
560 mg of SDS was dissolved in water using a volumetric flask of 100 mL. 
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4.2.3.2.3. DB standard solution 
40 mg of DB was weighed and dissolved in 50.0 mL of water using a volumetric flask. This solution was 
diluted 10 times by transferring 10.0 mL to a volumetric flask of 100 mL. Finally, 5.0 mL of this solution was 
transferred to a 50 mL volumetric flask; 35 mL of ethanol was added and brought up to volume with water. 
Finally the resulting reference solution was diluted twice with SDS solution.  
4.2.3.2.4. Sample preparation for the HPLC analysis of DB in cooling liquids (50% EG) 
5.0 mL of sample was transferred into a volumetric flask of 10 mL and brought up to volume using the SDS 
solution. 
4.2.4. Procedures   
4.2.4.1. Study of degradation compounds 
For all compounds under investigation, vials were prepared as described in 4.2.3.1.1. and analysed using 
the parameters listed in Table 4.2 with an equilibration time of 60 min. The data were collected using MS in 
full scan mode for identification and FID in parallel. 
The effect of the equilibration time on the decomposition yield was investigated as example for BZTCl and 
BEDIDE. The vials prepared as described in 4.2.3.1.1. were analysed using the parameters listed in Table 
4.2, but with different equilibration times varying from 35 to 60 minutes. The resulting peak areas for benzyl 
chloride and chloromethane were measured. 
4.2.4.2. Calibration for benzyl chloride 
Three calibration curves were constructed. One was FID based, while the two others were SIM based (m/z 
91 and m/z 126). Each six point calibration curve was constructed using the vials prepared in duplicate 
according to 4.2.3.1.3. The peak areas for benzyl chloride were corrected with the obtained peak areas for 
toluene which was used as internal standard. 
4.2.4.3. Calibration for chloromethane 
Decomposition of QAS like BEDIDE results in the formation of either benzyl chloride or chloromethane (see 
also Table 4.5). The benzyl chloride content of the vials prepared as described in 4.2.3.1.4. was determined 
using the analytical parameters from Table 4.2 with FID detection and the calibration curve obtained from 
4.2.4.2. It was assumed that from the number of mmoles of BEDIDE and the number of mmoles of benzyl 
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chloride, the number of mmoles of chloromethane can be calculated. As the original amount of QAS with 
methyl groups like BEDIDE in the vials is known and the amount of formed benzyl chloride is measured, the 
formed amount of chloromethane in a vial can be calculated using formulae (1) and (2): 
               ( 
    
     
)  (
    
    
)      (1) 
In which: 
mmoles QAS left = mmoles of QAS that did not yield benzyl chloride 
mQAS = total mass in mg of QAS in HS vial 
MQAS = molecular mass of QAS 
mBCl = mass (mg) of released benzyl chloride 
MBCl = molecular mass of benzyl chloride 
Using formula (1) the amount of QAS that can produce chloromethane is calculated enabling the 
determination of the amount of chloromethane in a vial. Since one mole of QAS (even with more than one 
methyl group) produces one mole of chloromethane:   
                        (2) 
mCM = mass (mg) of chloromethane 
MCM = molecular mass of chloromethane 
From these calculations and the peak areas measured for chloromethane, a calibration curve was 
constructed. 
4.2.4.4. Method validation 
4.2.4.4.1. Linearity of the calibration curve 
The generalized linearity depends on the combined response for benzyl chloride and chloromethane. For 
both compounds a six point calibration curve was created and assessed. 
4.2.4.4.2. Repeatability  
Repeatability was expressed as RSD% value using at least 4 measurements. 
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4.2.4.4.3. Recovery  
Recovery in this procedure relies on the complete conversion of the analyte into the target compounds and 
their proper determination. Three solutions of DB in 50 % v/v EG with known concentrations (60, 80 and 100 
ppm) were analysed. The GC results of the commercial samples were compared with those obtained with an 
LC method from literature [16]. For GC analysis, commercial samples were spiked with DB as a 
supplementary validation. 
For the BZTCl mouth spray, three solutions of BZTCl with known concentrations in water (10, 15 and 20 
ppm) were analysed. For the quantification of chloromethane, a baseline correction was performed.   GC 
results obtained for the commercial mouth spray were compared with the label claim. For the BZOCl mouth 
spray, GC results were also compared with the labelled value. 
4.2.4.5. Analysis of commercial samples  
4.2.4.5.1. HS-GC analysis of cooling liquid samples 
Two typical automotive cooling liquids were analysed with the validated protocol. Detection was performed 
using either MS operated in SIM mode to detect both toluene (m/z 91) and benzyl chloride (m/z 91 and m/z 
126) or FID after BSTFA silanisation to avoid chromatographic interference. 
4.2.4.5.2. HS-GC analysis of BZTCl in a mouth spray 
HS-GC analysis of BZTCl was performed at 170 °C with an equilibration time of 60 min. Benzyl chloride and 
chloromethane amounts were measured using FID and the amount of BZTCl was calculated according to 
formulae (1) and (2). 
4.2.4.5.3. HS-GC analysis of BZOCl in a mouth spray 
HS-GC analysis of BZOCl was performed at 170 °C with an equilibration time of 60 min. Quantification of this 
QAS was done by calibration with benzyl chloride.   
4.2.4.5.4. LC-UV analysis of DB in commercial cooling liquids 
Cooling liquids were diluted ten times with water and analysed with the described protocol using DB for 
calibration.  
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4.3. Results & Discussion 
4.3.1. Screening of various QAS 
In literature, debenzylation of the quaternary nitrogen in benzyl substituted QAS is proposed as the favoured 
thermal decomposition pathway [17]. In the case of DB, this yields lidocaine and benzyl benzoate, both 
having boiling points over 300 °C making them unusable for a HS approach. Converting the DB into a 
chloride salt should produce benzyl chloride with a boiling point of 179 °C instead. The MS data obtained 
from the procedure described in 4.2.4.1. were compared with a NIST mass spectral library. The identified 
degradation products of the QAS studied (see Table 4.5) were benzyl chloride as major product (Figure 4.1), 
chloromethane, N,N-dimethylaniline and N,N-dimethyldecylamine (Figures 4.2 and 4.3). Looking at the 
structures of the QAS and formed decomposition products, a set of simple rules to predict the result can be 
proposed depending on the substitution of the quaternary nitrogen atom: 
- if a benzyl group is present, benzyl chloride is formed. 
- if a benzyl group and methyl groups are present, 1 molecule of benzyl chloride and 1 molecule of 
chloromethane are formed. 
- if the aromatic substituent is a phenyl group then the corresponding aniline analogue is formed. 
As a result, benzyl substituted QAS without methyl groups on the quaternary nitrogen like DB and BZOCl 
can be quantified using benzyl chloride only while for those bearing also a methyl group,  quantification 
should be based on the combination of the produced amounts of all the chlorinated species being benzyl 
chloride and chloromethane. For phenyl and methyl substituted QAS like TMPACl, N,N-dimethylaniline can 
be used as calibrant. N,N-dimethyldecylamine which is found in case of BEDIDE, is the tertiary amine formed 
after removing the benzyl group. As BEDIDE is one of the components of benzalkonium chloride which 
contains several benzyldimethylalkanes (ranging from C8 to C18), it could be an option to assess a profile of 
QAS based on the formed N,N-dimethylalkylamines. 
The results for DB (which was determined in partly aqueous solutions) prove that the use of DMP and HCl 
for water removal converts the benzoate salt into its chloride form and is not interfering with the 
decomposition process.  
 
 
 
 
86 
 
Table 4.5: Chemical structures of QAS included in this study. 
 
Chemical name 
 
Abbreviation 
 
Chemical structure 
 
Volatile degradation 
products for 
quantification 
 
Other volatiles 
Benzethonium chloride 
 
 
 
BZTCl 
 
 
 
 
 
Benzyl chloride + 
Chloromethane 
 
- 
Denatonium benzoate 
 
 
 
DB 
 
 
 
 
 
Benzyl chloride - 
Benzoxonium chloride BZOCl 
 
 
 
Benzyl chloride - 
Benzyldimethyldecylammonium 
chloride 
 
 
BEDIDE 
 
 
Benzyl chloride + 
Chloromethane 
N,N-
dimethyldecylamine 
Trimethylphenylammonium 
chloride 
 
TMPACl 
 
 
N,N-dimethylaniline Chloromethane 
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Figure 4.1: Mass spectral identification of benzyl chloride during screening of various QAS.  
 
Figure 4.2: TIC chromatogram of the reaction products of TMPACl. Chromatogram was recorded using the instrumental 
parameters described in 4.2.2. 
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Figure 4.3: TIC chromatogram of the reaction products of BEDIDE. Chromatogram was recorded using the instrumental 
parameters described in 4.2.2. 
4.3.2. Equilibration time 
In HS analysis the equilibration time is an important factor and is chosen in such a way that a stable gas 
phase is formed without decomposition. In this case however, a stable gas phase with complete 
decomposition is the goal. From Figures 4.4 and 4.5 it can be concluded that the decomposition is complete 
after 60 min as both benzyl chloride and chloromethane peak areas are stable and repeatable. 
 
Figure 4.4: Obtained peak areas of benzyl chloride from BZTCl and BEDIDE vs. different equilibration times. 
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Figure 4.5: Obtained peak areas of chloromethane from BZTCl and BEDIDE vs. different equilibration times. 
4.3.3. Method validation HS-GC method 
4.3.3.1. Linearity of the calibration curve 
A calibration curve of benzyl chloride was constructed in the range of 1-6 µg/vial by repetitive injections. The 
obtained R
2
 value was higher than 0.999, indicating that a good linear relationship exists between analyte 
response and the amount of analyte. The use of an internal standard for calibration was necessary to correct 
for variations on the sample volume as the analysed sample volume was only 10 µL. o-Xylene was added to 
the sample vials before sealing to avoid possible viscosity effects in the gas phase, causing quantification 
errors [18]. 
The obtained calibration curve for chloromethane following the procedure described in 4.2.4.3. showed good 
linearity as well (R
2
 = 0.999) after a lack of fit test (Table 4.6) and a check of the residuals. The obtained 
curve was used to calculate the mass balance for QAS producing both benzyl chloride and chloromethane.     
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Table 4.6: Lack of fit results for benzyl chloride and chloromethane. 
 
 
Benzyl chloride 
 
Chloromethane 
 
MS residuals 
 
1638773 
 
892 
df residuals 10 11 
MS pure error 2557917 688 
df pure error 6 7 
MS lack of fit 260058 1247 
df lack of fit 4 4 
F value 0.10 1.81 
F critical 4.53 3.97 
 
4.3.3.2. Recovery and repeatability 
Results for the three DB recovery experiments are given in Table 4.7. Obtained recovery values were close 
to 100 % and RSD% values did not exceed 2.5%, demonstrating that the method is suitable for the analysis 
of DB in cooling liquids.    
Table 4.7: Recovery and repeatability results for DB in EG/water samples. 
 
Recovery results for BZTCl are given in Table 4.8 and show that a mass balance of 100% can be obtained 
without needing a matching reference. The amounts of benzyl chloride and chloromethane were used to 
calculate the corresponding amount of BZTCl from which they both originated from. These results imply that 
any QAS producing both benzyl chloride and chloromethane can be quantified using another QAS with the 
same decomposition products. 
 
 
 
60 ppm DB 
 
80 ppm DB 
 
100 ppm DB 
 
 
Recovery (%) 
 
RSD (%) n = 6
 
 
Recovery (%) 
 
RSD (%) n = 6
 
 
Recovery (%) 
 
RSD (%) n = 6
 
 102.2 0.70 101.3 2.5 99.1 2.0 
91 
 
Table 4.8: Recovery and repeatability results for BZTCl (as sum of benzyl chloride and chloromethane) in aqueous 
samples. 
 
4.3.4. Analysis of DB in commercial cooling liquid samples  
Two cooling liquid samples consisting mainly of water and EG (with some glycerol and anti-corrosive agents 
added) were analysed with the method described in 4.2.3.1.5. HCl was added as catalyst in the DMP 
reaction, but also to ensure complete conversion of DB into its chloride form. After evaporation of the 
solvents, another aliquot of 1.0 mL DMP was added to ensure the complete conversion of EG to 2,2-
dimethyl-1,3-dioxolane [15]. Analysis of the samples resulted in very complex chromatograms (Figure 4.6). 
The benzyl chloride peak is situated around 12.3 min on the tail of a much bigger peak which was identified 
using the NIST library as 2,2-dimethyl-1,3-dioxolane-4-methanol. This compound is the reaction product of 
DMP and glycerol. The latter is often added to cooling liquids. Further evaluation of the MS-data revealed 
that another compound co-eluted with benzyl chloride.  
The MS spectrum of the co-eluting compound with a molecular mass of 145 Da and its comparison with the 
NIST library is given in Figure 4.7. It is proposed to be 1-(2,2-dimethyl[1,3]dioxan-4-yl)ethanol.  
 
 
10 ppm BZTCl 
 
15 ppm  BZTCl 
 
20 ppm  BZTCl 
 
 
Recovery (%) 
 
RSD (%) n = 4
 
 
Recovery (%) 
 
RSD (%) n = 4
 
 
Recovery (%) 
 
RSD (%) n = 4
 
 99.7 6.9 100.5 4.3 102.6 5.3 
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Figure 4.6: TIC chromatogram of a cooling liquid sample after analysis with the developed HS method. BCl = benzyl 
chloride, int. = interference. Chromatogram was recorded using the instrumental parameters described in 4.2.2. 
 
Figure 4.7: Mass spectra of the substance co-eluting with benzyl chloride in the chromatogram (indicated as interference) 
and its NIST library hit, (1-(2,2-dimethyl[1,3]dioxan-4-yl)ethanol).  
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The extracted ion chromatograms (EIC) of characteristic m/z values are shown in Figure 4.8. As the most 
abundant characteristic m/z values of benzyl chloride (m/z 91 and m/z 126) are not present in the mass 
spectrum of this interfering compound, it was decided to use MS operated in SIM mode using m/z 91 and 
m/z 126 for the quantification of DB in cooling liquids. As both compounds have an alcohol function, another 
approach is to apply BSTFA and so circumvent the interference and to enable FID detection. BSTFA will 
react with the alcohol function to form a trimethylsilyl derivative, thereby changing the properties of the 
interfering molecules. In Figure 4.9, a BSTFA treated sample is compared with an untreated sample. The 
peak interfering with benzyl chloride is completely removed and also 2,2-dimethyl-1,3-dioxolane-4-methanol 
is sufficiently removed so that a more reliable quantification of benzyl chloride can be performed.   
 
Figure 4.8: Chromatograms obtained by GC-MS illustrating the compounds interfering with the determination of benzyl 
chloride. Extracted ion chromatograms of most abundant m/z values of a) 2,2-dimethyl-1,3-dioxolane-4-methanol and b) 
1-(2,2-dimethyl[1,3]dioxan-4-yl)ethanol processed from c) the TIC chromatogram. Chromatogram was recorded using the 
instrumental parameters described in 4.2.2. 
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Figure 4.9: Comparison between a) a cooling liquid sample not treated with BSTFA and b) the same sample treated with 
BSTFA. Chromatogram was recorded using the instrumental parameters described in 4.2.2. 
The analysis results of both cooling liquids with GC-MS and GC-FID after BSTFA treatment are given in 
Table 4.9. In case of the BSTFA treatment, samples were spiked with DB as well. The recovery of the spiked 
amount of DB was found to be 99.6% (RSD = 3.7%, n = 4) and 100.1% (RSD = 3.1%, n = 4) for sample 1 
and 2, respectively.  Both samples were also analysed using an LC-method and the obtained results for both 
samples are comparable indicating that the GC-FID method is suitable for the quantification of DB in cooling 
liquids. In comparison to GC-MS, GC-FID is in general far more robust as the ion source used for MS is 
prone to suffer from signal drift [19]. This signal drift can only be corrected by using expensive isotopes of the 
analytes of interest.      
Table 4.9: Analysis results for DB in two commercial cooling liquid samples using GC-MS (m/z 91 and 126), GC-FID and 
LC-UV. 
 
SIM 91  
(ppm) 
RSD%  
n=4
 
SIM 126 
(ppm) 
RSD% 
n=4 
GC-FID* 
(ppm) 
RSD%  
n=4
 
LC-UV 
(ppm) 
RSD% 
n=3 
sample 1 40.5 3.7 37.9 6.9 40.7 2.0 35.6 0.1 
sample 2 93.2 3.3 85.9 7.0 77.4 3.5 82.5 0.6 
* After treatment with BSTFA   
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4.3.5. Analysis of BZTCl in a mouth spray 
Analysis and quantification of the sample was performed by the procedure described in 4.2.4.5.2. The 
concentration of BZTCl in the mouth spray was found to be 438 ppm (RSD = 3.7%, n = 6). This analysis 
result corresponds to 100.7% of the labelled value.  
4.3.6. Analysis of BZOCl in a mouth spray  
As with the commercial cooling liquids, the same interfering peak was also seen here with GC-MS. 
Therefore, 100 µL of BSTFA was added to the sample vial after solvent evaporation to silanise the interfering 
compound with the alcohol function. Samples were evaporated to dryness again. The concentration of 
BZOCl was found to be 2010 ppm (RSD = 1.6%, n = 6), which is about the same as the label claim (0.2%) of 
the mouth spray. This is an indication that the method has an adequate recovery towards BZOCl. 
4.4. Conclusions  
From the obtained results it can be concluded that the use of HS-GC is an excellent tool to quantify several 
aromatic substituted QAS by calibration with the most abundant volatiles that are released after heating of a 
sample in a HS vial. In contrast to pyrolysis methods in which samples are introduced directly in a hot 
injection liner, this approach offers a clean way of sample introduction. After screening of several QAS, it was 
revealed that all benzyl substituted QAS released benzyl chloride as the major volatile product when chloride 
was the anion of the salt. Even when a particular QAS produces multiple volatiles, reliable quantification is 
still possible. It has been demonstrated for QAS that produce benzyl chloride and chloromethane, the mass 
balance is close to 100%. This means that it is possible to quantify all QAS that produce benzyl chloride and 
chloromethane without the need of having a matching reference standard. This is an important advantage 
towards LC or CE methodologies in which matching reference standards are necessary for quantification. In 
combination with an in-vial water scavenging procedure, a powerful GC method for the analysis of QAS in 
aqueous samples is established. The method was validated for the analysis of DB in cooling liquids during 
which adequate recovery values (99.1 - 102.2%) were obtained with RSD values not exceeding 2.5%. 
Obtained R
2
 values were always equal to or larger than 0.999.
 
Finally, the methodology was applied to 
commercial cooling liquid samples and the analysis of BZTCl and BZOCl in mouth sprays. For the cooling 
liquid samples and the BZOCl mouth spray, an interference that appeared to be an alcohol-like molecule,  
made accurate analysis impossible at first instance. Silanisation of the sample after DMP treatment removed 
this interference and enabled analysis of the samples. An advantage is also that all reactions can be 
performed in one HS vial. 
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Abstract 
 Gas chromatography (GC) can be combined with many different types of both universal and selective 
detectors to cover a large range of volatile analytes. The majority of detectors relies on the ionization of the 
analyte to enable detection. Although they earned their praise in many different analytical fields, there is still 
plenty of room for improvement related to their ion source.    
In this work, the application of a micro cavity hollow cathode discharge (µCHCD) plasma as ion source in 
combination with an ion capture electrode as a simple, versatile GC detector is investigated. The developed 
low power consuming µCHCD ion source can be operated at atmospheric pressure as predicted by theory 
using only one type of gas. It was found that the detector geometry (consisting of the hollow cathode, 
dielectric spacer, anode and capture electrode) was of great importance for the obtained signal. By making 
sure that the cathode-anode clearance angle is large enough, quantitative response with sensitivity in the 
lower picogram range was obtained for a variety of analytes. Depending on the chemical properties of the 
analyte, different ionization mechanisms may occur. For the non-halogenated analytes included in this work, 
these are most likely photo-ionization or ionization by collision with helium metastables. Halogenated 
analytes included in this study (carbon tetrachloride (CCl4) and trichloroethylene (TCE)) seemed to follow an 
electron capture mechanism, generating negative ions in the electron rich µCHCD plasma. Actual detection 
of ionized analytes was performed by either a negatively biased or positively biased capture electrode to 
differentiate between positive and negative ions, respectively. 
Keywords 
Gas detection, microplasma, microhollow cathode discharge 
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5.1. Introduction 
During the last decades, gas chromatography (GC) has been used as a versatile tool for the analysis of 
volatile constituents in various samples using different sampling techniques such as direct injection, 
headspace sampling and thermal desorption combined with many different detectors and identification 
techniques. The most widely used detectors are the flame ionization detector (FID), thermal conductivity 
detector (TCD) and electron capture detector (ECD). Less commonly used detectors include the atomic 
emission detector (AED), sulphur chemiluminesence detector (SCD) and the nitrogen phosphorus detector 
(NPD). Possible identification instruments include the mass spectrometer (MS) in combination with either 
electron ionization (EI) or chemical ionization (CI) and the ion mobility spectrometer (IMS). All the mentioned 
detectors and instruments have their own disadvantages. For instance, the FID provides poor sensitivity for 
compounds that contain carbon atoms that are partly or even fully oxidised and therefore only provides an 
adequate response for analytes with a sufficient number of carbon atoms that can be combusted in the used 
hydrogen diffusion flame. This flame has relatively poor ionization efficiency (only 1 ion per 10
6
 carbon 
atoms) [1]. The FID is also less applicable to portable applications as it needs multiple gasses, although 
miniaturised versions exist [2]. The ECD is, in contrast to the FID, sensitive towards halogenated 
compounds, but it uses a radio-active material (
63
Ni) as ionization source which gives rise to legislation 
issues. In cases where the use of radio-active material or explosive gasses such as hydrogen is not 
permitted, photoionization detectors (PID) are an option [3]. The used ionization source for the PID is 
typically a high energy ultraviolet (UV) lamp. In this type of detectors, positive molecular ions are formed and 
analytes are (as with the FID) detected with a capture electrode. In contrast to the FID, this detector is 
smaller and lighter, making it more suitable for portable applications. However, the PID is not extremely 
sensitive for chlorinated aliphatics and has no response at all for methane. These detectors do not give any 
structural information which often means that MS or IMS are needed for identification of unknown analytes. 
However, the filament used for EI in MS and the mass filter can only be operated under vacuum conditions 
and IMS utilises a radio-active material as well. So most limitations and drawbacks of these detection 
systems are related to the ion source.    
Plasmas as ion source 
More recent detectors rely on plasmas for the ionization of analytes [4]. A plasma [5,6] is a gas that is 
partially or fully ionised with a population of free electrons, ions and neutral gas species and is considered to 
be neutral as a whole. Plasmas are generally characterised by the density and the kinetic energy of the 
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particles. Based on this, plasmas can be divided into two main classes: non-thermal plasmas and thermal 
plasmas. In case of thermal plasmas, thermodynamic equilibrium is reached in which the kinetic energy of 
the neutral gas molecules, ions and electrons are similar. These plasmas reach very high gas temperatures 
and are often used for welding, cutting and melting applications. A thermal plasma in the form of an 
inductively coupled plasma (ICP) torch is being used for atomisation during elemental analysis. Using such 
hot plasma for ionization and detection purposes in combination with GC would result in a complete loss of 
structural information. On the other hand, non-thermal plasmas (that are often electrically driven) contain a 
high population of energetic electrons (several eV) and ions whilst the actual gas temperature remains 
relatively low (from room temperature to several hundreds of Kelvins) and are therefore more interesting to 
serve as ion source in a GC detector. Commercial detectors that use a non-thermal plasma such as the 
pulsed discharge detector (PDD) often work according to a similar principle in which interaction with high 
energetic photons emitted from the plasma (Hopfield emission) or long-lived species such as helium 
metastables govern ionization of analytes. Plasmas are usually generated by using two wires as cathode and 
anode which are in contact with the gas. The PDD is extensively reviewed by Forsyth and can be operated in 
three modes [7]: pulsed discharge helium photo ionization detection-mode (He-PDPID) [8-14], pulsed 
discharge emission detection-mode (PDED) [15] and pulsed discharge electron capture detection-mode 
(PDECD). As an exception on the plasma generation the dielectric barrier discharge (DBD) detector should 
be mentioned [16-22]. The electrodes in this detector are isolated from the gas and the plasma is generated 
using an alternating current (kHz range). All these detectors are using a separate compartment where helium 
is ionized. The produced photons and/or helium metastables are directed towards the column effluent in 
order to ionize the analytes after which they can be detected with biased capture electrodes. However, the 
sample availability is not optimal with this approach and these detectors were found to suffer from instability 
issues [23].  
Glow discharges and the hollow cathode effect 
Another type of non-thermal plasma, often used in spectroscopy [24,25], is the classic DC operated glow 
discharge (GD) (Figure 5.1). The zone of interest of a GD appears as a relatively uniform light emitting zone 
(called negative glow) near to the cathode and is formed at pressures up to 1 kPa. These phenomena were 
first described by Crookes in the late 1870‘s. In order to prevent a transition to a thermal plasma, current and 
pressure are limited. About twenty years later, Paschen related the breakdown voltage (VB) of a gas to the 
anode-cathode distance (d) and the gas pressure (p). For two flat parallel electrodes (Figure 5.2) this 
relationship is described by Paschen‘s law [26] which is mostly presented as a gas specific curve where VB is 
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a function of p*d showing a distinct minimum. Without precautions, passing the VB criteria at pressures 
above 1 kPa will result in arching and thus the formation of a thermal plasma due to the magnitude of VB and 
the number of gas molecules present. By choosing a set-up close to the Paschen minimum and limiting the 
current, arching can be avoided resulting in a stable GD. For helium, values from 1.5 to 4 Torr.cm are found 
as Paschen minimum for p*d (Figure 5.3) yielding electrode distances from 20 to 50 µm at atmospheric 
pressure. Apart from the difficulties involved in manipulating these small distances, every discontinuity or 
contamination of the surface would result in localised high field strengths initiating sparking.  
 
Figure 5.1: Schematic overview of a classic GD operated under vacuum with its characteristic zones.  
 
Figure 5.2: GD set-up having a flat parallel plate electrode geometry. The dashed line indicates the location of the 
negative glow and ―d‖ the anode-cathode distance. 
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Figure 5.3: Paschen curve for helium and its Paschen minimum for flat parallel electrodes.   
Early experiments [27,28] with GD and different cathode shapes revealed a special working regime when the 
cathode was split into two parallel plates located at a small distance (D) from each other (Figure 5.4). In this 
case, the plasma is formed at half the VB [29] and located between the cathode plates. For this reason, the 
set-up was referred to as ‗hollow cathode‘ and forms the origin of the well known hollow cathode lamp. At low 
current, the plasma in the hollow has a small positive resistance, but when the current increases the 
sustaining voltage starts to drop (negative differential resistance). In Figure 5.5, a comparison in U-I 
characteristics is schematically shown for both a conventional GD and a hollow cathode discharge in which 
the hollow cathode discharge possesses this negative differential resistance. This working regime is called 
hollow cathode mode. To avoid confusion, the term hollow cathode will be used here to refer to this working 
mode while the term micro cavity will be used to refer to the physical device. For low plasma currents, the 
electric field in the hollow is axial. When the plasma current is increased, this field changes from axial to 
radial and new electrons that are generated at the cathode surface are accelerated radially towards the 
cathode axis in the cathode fall. As a result, these ‗pendulum electrons‘ [30] oscillate between the cathode 
plates giving rise to an increased ionization efficiency and a higher electron density. With the Paschen 
minimum of 4 Torr.cm in mind and the presence of the plasma (which can be regarded as a virtual 
electrode), one would expect the maximum distance between the cathode elements to be about 100 µm at 
atmospheric pressure. The White-Allis similarity law, which is based on the free pathway of the pendulum 
electrons, proposes 10 µm as maximum. 
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Figure 5.4: GD-setup with a cathode split into two separated plates with a distance D from each other. The dashed line 
indicates the location of the negative glow and ―d‖ the anode-cathode distance Rb = ballast resistance. 
 
Figure 5.5: U-I diagram of a conventional GD and its various operating regimes vs. a hollow cathode discharge 
possessing a negative differential resistance.  
More recently, hollow cathode plasmas gained new interests in plasma switches, ion thrusters, plasma 
surface treatment [31] and excimer sources. A lot of fundamental and practical work on hollow cathode 
discharges in micro cavities has been performed by Schoenbach et al. [32-35]. Different cylindrical 
geometries have been studied. The higher electron confinement in these structures compared to the cathode 
plate set-up allows the generation of a stable GD at atmospheric pressure up to diameters of 250 µm, 
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indicating that the hollow cathode discharge cannot be attributed completely to the pendulum effect [36]. 
Electron densities up to 10
-15
 cm
-3
 have been reported with gas temperatures ranging from room temperature 
up to 2000 K depending upon current and gas pressure. In order to create excited helium species (which are 
responsible for the typical appearance of a helium plasma), the electron population needs to contain a 
substantial amount of members with a energy of at least 24.6 eV which is the first ionization energy for 
helium. The high electron density, the increased ionization efficiency and the suitable electron temperature 
found in the µCHCD makes it an excellent candidate to replace the flame of an FID or the 
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Ni foil of an ECD. 
In this work the application of a µCHCD as ionization source for a versatile, low power GC detector will be 
investigated. In order to remain portable, no extra gas but the carrier gas should be employed.  
5.2. Experimental 
5.2.1. Reagents  
1,1,2-Trichloroethylene (TCE) and methyl ethyl ketone (MEK) were both obtained from Merck (Darmstadt, 
Germany). Toluene was purchased from Alfa Aesar (Karlsruhe, Germany). Both carbon tetrachloride (CCl4) 
and methyl t-butyl ether (MTBE) were obtained from Riedel-de Haën AG (Seelze, Germany). Ethanol was 
purchased from VWR International (Fontenay-sous-Bois, France) and methanol from Acros (Geel, Belgium). 
N,N-dimethylacetamide (DMA) was obtained from Sigma Aldrich (Diegem, Belgium). For chromatographic 
separations and plasma generation, helium 6.0 from Praxair (Schoten, Belgium) was used. 
5.2.2. Chromatographic system and headspace (HS) sampler conditions 
GC separations were carried out with a Perkin Elmer Autosystem XL GC equipped with a Perkin Elmer 
(Waltham, MA, USA) 40 XL HS auto sampler (balanced pressure system). HS-vials and PTFE/Sil-caps were 
purchased from Perkin Elmer as well.  Separations were performed on an AT
TM
-Aquawax column (30 m x 
0.53 mm, df = 0.50 µm) from Grace (Lokeren, Belgium) using the oven program of Table 5.1. Injections for 
sensitivity comparison were performed on a similar system equipped with an FID and a Perkin Elmer 
Turbomass Gold MS system. For all experiments, HS-settings from Table 5.2 were used. 1 µL of sample 
was transferred to a headspace vial and injected using the Full Evaporation Technique (FET).  
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Table 5.1: Used GC-oven program. 
 
t (min) 
 
T (°C) 
 
0 
 
40 
10 40 
15.5 150 
25.5 150 
 
Table 5.2: Used HS-sampler parameters. 
 
HS-parameters 
 
Settings 
 
Equilibration temperature 
 
100 °C 
Equilibration time 10 min 
Needle temperature 105 °C 
Transfer line temperature 110 °C 
Pressurization time 1.0 min 
Injection time 0.04 min 
Needle withdrawal time 0.4 min 
Injection port temperature 
Carrier gas 
120 °C 
Helium 
 
5.2.3. Preparation of solutions and sample vials 
From the list of residual solvents published in ICH [37], five solvents with a low boiling point were selected 
based on retention characteristics and chemical structure: a partially and a completely chlorinated 
compound, a ketone, an alcohol and an aromatic compound. A stock mixture with equal volumes of toluene, 
CCl4, MEK, TCE and ethanol resulting in a concentration of 20% v/v for each individual compound was 
prepared. Appropriate dilutions were made in MTBE. For analysis, 1 µL of test mixture was transferred to a 
HS vial which was sealed with a PTFE/Sil-cap.  
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5.2.4. µCHCD set-ups investigated 
5.2.4.1. Co-axial µCHCD detector 
A µCHCD detector using a co-axial electrode orientation (Figure 5.6) was constructed by using stainless 
steel capillaries in which the anode capillary was slid over the capillary that served as hollow cathode. A 
fused silica capillary with polyimide coating (320 µm I.D.) served as dielectric between the cathode and 
anode.  
 
Figure 5.6: Co-axial µCHCD detector prototype (dielectric not shown): HC: hollow cathode (stainless steel tubing, I.D. 
170 µm; O.D. 300 µm), A: anode (stainless steel tubing, I.D. 450 µm; O.D. 750 µm, Q: quartz glass tube (I.D. 1.55 mm, 
O.D. 3.50 mm), Cap: capture electrode (stainless steel tubing, I.D. 1.00 mm; O.D. 1.53 mm),  
This initial set-up was never coupled to a GC system, but He and sample were supplied with the set-up 
described in Figure 5.7. This injection system made use of a three-way solenoid valve, a mass flow 
controller, a headspace vial and a bypass branch. The three-way switch allows selection between pure He 
and He loaded with sample (DMA). In order to avoid the µCHCD detector to become saturated with DMA 
vapour, the vial was immersed in an ice bath (0 °C). Injections were performed by switching the solenoid 
valve for a certain time. The helium flow through the detector was maintained at 2 mL/min.    
 
Figure 5.7: Used injection system to test the initial µCHCD-detector set-up. 1 = mass flow controller, 2 = headspace vial 
with DMA, 3 = three-way solenoid valve [38]. 
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5.2.4.2. Serial axial µCHCD detector - version 1 
A serial axial µCHCD detector prototype was constructed according to Figure 5.8. The hollow cathode was 
made from a thin walled platinum capillary (160 µm I.D.) mounted in a stainless steel tube. This subassembly 
was fitted in the centre of a 1 mm thick copper disk (Figure 5.9). Mechanical fixation and electrical 
conductivity were ensured by applying a Pb/Sn/Ag solder between each co-axial transition. After soldering, 
the assembly was polished with aluminium oxide lapping film until a mirror finish was obtained.  The anode 
consisted of a 1 mm thick copper disc with a centre hole and was aligned with the hollow cathode using a 
dielectric spacer. The 2 mm thick spacer was crafted from Macor (Corning Inc., New York, NY, USA). The 
detector was equipped with a quartz window through which the plasma could be observed.    
 
Figure 5.8: Schematic overview of the serial axial µCHCD detector - version 1.  
 
Figure 5.9: Cross section of the tubular hollow cathode used for serial axial µCHCD - version 1.   
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This prototype was coupled to a GC by inserting the column exit into the gas inlet of the detector. Different 
geometries (Figure 5.10) were used by varying (1) the shape and internal diameter of the dielectric spacer 
between the hollow cathode and anode and (2) the internal diameter of the anode. 
 
Figure 5.10: Tested geometries in µCHCD detector (s = dielectric spacer, HC = hollow cathode, A = anode). 
5.2.4.3. Serial axial µCHCD detector - version 2 
This µCHCD detector prototype (Figure 5.11) consisted of a brass detector housing with a Macor inner body 
that served as an electrode holder. The cathode assembly consisted of a copper disc in which the 
platinum/iridium hollow cathode was mounted (Figure 5.12) with Pb/Sn/Ag solder and which was polished as 
in section 5.2.4.2. This hollow cathode consisted of one piece (3 mm O.D., 0.5 mm thick) with a central 
orifice of 100 µm or 160 µm diameter (custom made by LADD Research, Wiliston, VT, USA). A ceramic high 
power aperture (9.5 mm O.D., 1 mm I.D., 0.254 mm thick) was used as dielectric for the separation of the 
hollow cathode and anode. A gold plated copper high power aperture (9.5 mm O.D., 1 mm I.D., 0.071 mm 
thick) served as anode after the backing paint was removed. Both apertures were purchased from Edmund 
Optics (Barrington, NJ, USA). The dimensions of the dielectric and the anode resulted in a wide anode 
clearance angle. A close up of this is given in Figure 5.11.   
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Figure 5.11: Schematic overview of serial axial µCHCD - version 2 with close-up of the hollow cathode (with wide anode 
clearance angle).  
 
Figure 5.12: Cross section of the used hollow cathode assembly for serial axial µCHCD - version 2.   
As with the first version of the serial axial µCHCD, this prototype was coupled to GC as well. The column exit 
was placed directly before the hollow cathode.  
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5.2.4.4. Electric scheme 
Each constructed µCHCD detector set-up was tested by using the electric scheme of Figure 5.13. To ignite 
and sustain the plasma, a Spellman (New York, NJ, USA) CZE1000 high voltage supply (U1) was used. The 
current through the plasma was limited by a set of high voltage resistors (Rb) with a total resistance of 110 
MΩ. A Bio-Rad (Hercules, CA, USA) model 100 power supply (U2) delivered the extraction tension. By 
reversing the connections of U2, the capture electrode could be either negatively (as shown in Figure 5.13) or 
positively biased.  Border conditions in the combination of extraction potential and extraction distance could 
create sudden discharges towards the capture electrode. The frequencies of these incidents increased with 
the deterioration of the microcavity surfaces. For this reason, an electron-valve based Pye (Cambridge, 
England) series 105 ionization amplifier was chosen to convert and subsequently amplify the current 
generated by captured ions instead of less robust modern semiconductor devices. A Chromperfect system 
from Justice Laboratory Software (Denville, NJ, USA) was used to perform AD-conversion and process the 
data. Special attention was taken regarding earth loops and electrical safety. 
 
Figure 5.13: Used detection scheme to test various µCHCD-detector set-ups (dielectrics not shown). HC = hollow 
cathode, A = anode, Cap = capture electrode, Amp = ionization amplifier, DH = Detector housing, Rb = ballast resistance. 
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5.3. Results & Discussion 
5.3.1. Initial testing with the co-axial µCHCD detector set-up 
The co-axial µCHCD design is simple and derived from the hollow cathode lamp. A plasma current of 24 µA 
was the result when a voltage of 500 V was applied under the used helium flow. Pulsed injections of DMA 
vapour were performed in triplicate for 3 different times (2 s, 3 s and 4 s) resulting in a repeatable and 
concentration dependent signal (Figure 5.14). Although these results were very promising, some issues 
emerged during testing. The generated peaks are clearly tailing while a square-wave-like-response is 
expected from the used injection system. This is an indication that the flow pattern in the detector is far from 
ideal. More problematic was the short lifetime achieved with this set-up. After one hour, the system became 
unstable and started to spark. Visual inspection of the cavity revealed substantial erosion of all exposed 
electrode surfaces, cathode as well as anode. All three phenomena can be explained by taking into account 
the ‗sudden expansion‘ of the gas flow at the cathode exit. As it is impossible for flow lines to follow the 
sudden change in dimension, a flow separation will occur, resulting in the creation of a vortex zone between 
the cathode and anode (Figure 5.15). This vortex may serve as a storage area explaining the tailing of the 
signal. For atmospheric pressure, the p*d-value for the used anode-cathode distance in this setup is 5.7 
Torr.cm which is close to but still greater than the Paschen minimum. However, the pressure drop in the 
vortex zone could be large enough to initiate a ‗secondary glow discharge‘ outside the hollow cathode, which 
could explain the noticed erosion pattern. Once erosion starts, sharp features will develop on the surfaces. 
Those are initiators for sparking due to the local high field strength. An extra complication may be expected 
from the surface properties of stainless steel. Under normal atmospheric conditions stainless steel is covered 
with a thin non-conductive oxide layer protecting it against corrosion. The plasma erosion will damage this 
layer locally and depending on the presence of oxygen, a new layer may be formed. As a consequence, the 
whole process will result in a non-uniform and non-defined surface condition.  
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Figure 5.14: Generated responses from repetitive injections of DMA [38].  
 
 
Figure 5.15: Schematic drawing of the hollow cathode and expansion of the gas flow creating a reduced pressure 
resulting in possible secondary glow discharges.  
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5.3.2. Serial axial µCHCD detector – version 1 
From the experiments with the coaxial set-up three areas for improvement were identified. 
The coaxial approach was abandoned in favour of a serial axial set-up using two parallel disc shaped 
electrodes with a central orifice. Several benefits are to be expected from this arrangement. This design 
places the anode outside the low pressure area, created by the sudden expansion, reducing the risk on a 
secondary glow discharge. The larger front area achieved by this arrangement translates in a more uniform 
electric field and it is easier to achieve a smooth surface. Both items reduce the chance on sparking. 
Instead of using stainless steel as electrode material, platinum/iridium was used for its better resistance 
against plasma sputtering. Materials such as tungsten (W), molybdenum (Mo) or pure iridium (Ir) could be 
used as well, but are very hard to manipulate due to the characteristic hardness of these materials. The 
absence of an oxide layer results in a better conductivity and a more uniform surface chemistry. 
A third area of optimization is the flow pattern. Nowadays, this kind of optimization is done with the aid of 
Computational Fluid Dynamics (CFD) software. In this case however it is extremely difficult to collect the data 
needed for the initiation and verification of such a process, without causing artefacts. Mainly the temperature 
and the exact location of the plasma are unknown and could change under the influence of a passing 
analyte. After establishing a flow pattern model, this should be used to study the ion trajectories, increasing 
the complexity of the process. For these reasons it was decided to use a more hands on approach and study 
the results generated with the geometries depicted in Figure 5.10. For each geometry, a set of 
chromatograms was recorded covering the whole range of parameter combinations. The capture distance 
was varied from 1 to 5 mm relative to the anode in steps of 1 mm. The plasma current ranged from 10 to 100 
µA. For this range the µCHCD operates in hollow cathode mode as was indicated by the negative resistance 
behaviour. The effect of the bias voltage was examined from 50 to 300 V with both polarizations. The 
combination of sample size, sample concentration and split settings was calculated corresponding to 1 µg of 
each compound on column.  
The general appearance, peak shape, signals and noise levels of the generated chromatograms were 
visually inspected and compared. Only the negative bias mode resulted in chromatograms. When the 
capture electrode was positively biased only noise was recorded. The influence of the plasma current (within 
one geometry) on the assessed parameters was negligible. As a consequence, a low current is preferred to 
reduce power consumption and heat load. The capturing distance has a small effect on the peak shape, 
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while signal strength is proportional to the field strength, i.e. the ratio of bias potential to distance. High field 
strength combined with short distances can create a destructive overload on the amplifier input.  
Surprisingly the cavity shape turned out to be of major importance. Taking the general appearance of the 
chromatograms as selection criterion, the geometries can be divided into two groups. Geometries ‗‘a‘‘, ‗‘d‘‘ 
and ‗‘e‘‘ (Figure 5.10) have a narrow anode bore in common. While a high baseline with negative peaks for 
all components (thus less positive ions reaching the capture electrode) are the main characteristics for this 
group (Figure 5.16), cell ‗‘e‘‘ performed slightly better concerning noise and signal level which is probably 
attributed to the dielectric shielding of the anode. For geometries ‗‘b‘‘ and ‗‘c‘‘, a wide anode bore was used. 
The resulting chromatograms (Figure 5.17) show a lower baseline and less noise, while all components 
appear as positive peaks. Therefore it was decided to use geometries ‗‘b‘‘ and ‗‘c‘‘ as base for the next 
design.  
The lifetime was improved dramatically too. After a few weeks, the µCHCD started to draw current without 
the generation of plasma. On inspection, a black gray deposit in the inner volume of the dielectric was 
noticed and the cathode had a mat appearance. Treating the spacer with hot hydrochloric acid and 
repolishing the cathode restored operation. After a few cycles it became clear that the solder between the 
capillaries was slowly etched away causing the deposit. At the end, the resulting cavity will cause sparking 
making the cathode useless. So, this issue was considered in the next design. It was however possible to 
complete this part of the work with only one cathode assembly.  
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Figure 5.16: Chromatograms of the used analyte mixture (~1 µg each) obtained with the serial axial µCHCD detector – 
version 1 using the following parameters: plasma current of 30 µA, capture distance of 1 mm in combination with an 
extraction voltage of 100 V (1000 V.cm
-1
), carrier gas flow of 3.5 mL.min
-1
, geometry ‗‘e‘‘.  
 
Figure 5.17: Chromatograms of the used analyte mixture (~1 µg each) obtained with the serial axial µCHCD detector – 
version 1 using the following parameters: plasma current of 30 µA, capture distance of 1 mm in combination with an 
extraction voltage of 100 V (1000 V.cm
-1
), carrier gas flow of 3.5 mL.min
-1
, geometry ‗‘b‘‘.  
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5.3.3. Serial axial µCHCD detector – version 2 
To avoid the solder sputtering noticed in the previous set-up, the hollow cathode subassembly was replaced 
by a hollow cathode disc. Due to production limitations, the thickness of this disc (and as a consequence 
also the length of the hollow cathode) was limited to 0.5 mm. The quartz window was dropped to avoid peak 
broadening caused by the relatively large dead volume of this side-branch. The results obtained with the first 
version suggested that a wide cathode-anode clearance angle would be the most promising approach 
towards a low background signal and an acceptable signal-to-noise ratio. To keep the anode dimensions 
small, a thin dielectric was chosen. This would make it also possible to place the capture electrode closer to 
the plasma where more analyte ions should still be alive, resulting in higher signal intensities. To check 
whether the device was operating in the hollow cathode mode, the plasma voltage was checked at different 
plasma currents. When the plasma voltage went down with increasing current (negative differential 
resistance) it was considered that operation of the µCHCD plasma occurred in the hollow cathode mode.  
5.3.3.1. Influence of the hollow cathode diameter 
 
First the influence of the internal diameter of the hollow cathode was investigated. Both sizes (100 µm and 
160 µm) showed negative differential resistance in the measured range (10-100 µA). In order to use the 
same amplification as with the previous prototype, it was necessary to dilute the sample until a level of 100 
pg on column was reached. The noise generated with the 160 µm cathode made measurements with a 
capture distance above 0.5 mm useless (Figure 5.18), while negative peaks are generated for the 
chlorinated solvents. However, the 100 µm cathode allowed to use distances up to 6 mm (limit of the 
construction) as further discussed in 5.3.3.2. For this reason the 100 µm cathode was used for the remainder 
of the experiments. 
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Figure 5.18: Comparison of chromatograms obtained with the 160 µm I.D. hollow cathode for a capture distance of 0.5 
mm (A) vs.1 mm (B).  
5.3.3.2. Operational parameters 
5.3.3.2.1. Negatively biased capture electrode  
Similar to the previous set-up, there was not much influence of the plasma current on the generated signals 
(Figure 5.19). 30 µA was chosen as standard operating current. The gas flow on the other hand has a strong 
influence on the signal (Figures 5.20 and 5.21). At higher speed, ions need less time to reach the capture 
electrode and less ions will be lost. Apart from the deviations at lower flows, higher flows result in larger 
signals. As 4 ml/min is the optimal working condition for a 530 µm GC column, this flow will be used in the 
remainder of this work. A smaller cathode diameter should have a similar effect, but 100 µm diameter at a 
thickness of 0.5 mm seems to be the limit for most manufacturers. For the same reason, longer cathode 
channels could not be used although this parameter may affect the dynamic range of the detector. 
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Figure 5.19: Influence of the plasma current on analyte response (100 µm hollow cathode, ~1 ng injected, capture 
electrode at 1 mm from anode, 500 V.cm
-1
, carrier gas flow = 3.5 mL.min
-1
). 
 
Figure 5.20: Peak area of toluene, ethanol and MEK vs. carrier gas flow. Peaks change from negative to positive polarity 
with increasing carrier gas flow. (100 µm hollow cathode, ~1 ng injected, 30 µA, capture electrode at 1 mm from anode, 
500 V.cm
-1
). 
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Figure 5.21: Negative peak areas of CCl4 and TCE vs. carrier gas flow  (100 µm hollow cathode, ~1 ng injected, 30 µA, 
capture electrode at 1 mm from anode, 500 V.cm
-1
). 
 For capture distances from 2 to 6 mm the signal is slightly dropping at constant field strength (Figure 5.22). 
When going from a capture distance of 2 mm to 1 mm the signals of the compounds are becoming smaller. 
However, their behaviour is quite complex as illustrated in Figure 5.23. The analytes recorded as negative 
peaks are chlorinated ones showing a transition from a sharp negative peak (1 mm) via a hybrid form (2 mm) 
gradually to a broad positive hump (3 mm) with increasing capture distance. A similar behaviour is found if 
the capture point is fixed (for instance at 2 mm) and the concentration is gradually decreased. A schematic 
summary illustrating the influence of the capture distance and analyte concentration on the signal is shown in 
Figure 5.24. When the field strength is varied, the transition point remains at 2 mm, but the signals are 
proportional. The difference between chlorinated and non-chlorinated compounds can be explained by 
assuming a different ionization mechanism for both groups. In the plasma, He
+
 ions, He metastables and 
photons are generated. A portion of the generated He
+
 ions will reach the capture electrode and is 
responsible for the background signal. The non-chlorinated compounds are probably ionised after the 
plasma by photo ionization or chemical ionization, adding species to the positive ion population which is 
hitting the capture electrode. The chlorinated compounds on the other hand have a greater affinity towards 
electrons. So, the chance is high that an electron capture mechanism in the electron rich plasma is followed. 
When leaving the plasma, these negative ions will follow the gas flow towards the capture electrode, but they 
will be slowed down and beard off somewhat due to the anode-capture electrode field.  
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During their journey, they will be neutralised by He
+
 ions resulting in a He
+
 ion depletion which causes a dip 
in the background signal when the capture electrode is at close distance. As the trajectory of the chlorinated 
analyte compounds is disturbed, this will cause a deteriorated peak shape in the chromatogram. The longer 
the distance to the capture electrode, the higher the probability that the neutralised species (still following the 
gas flow) are ionised again by photons and He metastables to form positively charged ions which are 
attracted by the capture electrode and will contribute to the positive signal. 
In 5.3.3.2.2 it will be demonstrated that negative ions are formed in the plasma and can be extracted before 
neutralisation by choosing the correct capture distance and polarisation. 
 
Figure 5.22: Influence of the capture distance on the signal obtained for non-chlorinated analytes   
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Figure 5.23: Chromatograms obtained with different capture distances (Trace a = 1 mm, trace b = 2 mm and c = 3 mm) 
using the 100 µm I.D. hollow cathode.  
 
Figure 5.24: Schematic drawing demonstrating the effect of capture distance and analyte concentration on the signal 
obtained for chlorinated species.  
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5.3.3.2.2. Positively biased capture electrode 
In order to retrieve negative ions, the capture electrode should be at a more positive potential than the anode 
which, in its turn, is already positive with respect to the plasma and the cathode. In the previous set-up, the 
small anode clearance angle created by the smaller anode orifice and larger dielectric, together with the 
large potential gradient between the plasma and the anode certainly created a barrier for negative species to 
reach the capture electrode. With the wide clearance angle used in version 2, the plasma-anode field is 
almost perpendicular to the hollow cathode axis and due to the thinner spacer, the effluent passes the anode 
at higher speeds. Both phenomena increase the possibility for negative charges to reach the positively 
biased capture electrode. However, bringing this concept into practice was not straightforward. The amplifier 
and AD-converter used are both asymmetric (-50mV to +1000mV combined range approximately) towards 
the polarity of the input signal. Most operational parameters with a positively biased capture electrode 
resulted in a negative background beyond the compensation capabilities of the equipment. The anode-
capture electrode distance had to be at least 5 mm with a potential difference of maximum 100 V to get the 
baseline within range. The chromatograms recorded under these conditions are exhibiting sharp positive 
peaks for the chlorinated compounds (Figure 5.25) while the negative peaks are a representation of the non-
chlorinated ones.  
 
Figure 5.25: Obtained chromatogram using a positively biased capture electrode.  
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Due to the physical limitations of the µCHCD and the electronical limitations of the equipment, it was not 
possible to investigate the influence of the different parameters on the performance. As the positively biased 
capture electrode only captures negatively charged species, the presence of positive peaks under this mode 
can be regarded as a confirmation of the existence of negatively charged ions downstream of the plasma. 
The negative background is probably caused by a secondary GD between anode and capture electrode [39] 
where the capture electrode acts as final anode. Under these conditions electrons can reach the capture 
electrode. Negatively charged ions will contribute to the signal while positive ions will create electron 
depletion this time. 
5.3.4. Comparison to other techniques 
In order to compare with other techniques, the same test solutions in MTBE were injected under the same 
HS-GC conditions using an MS operated in full scan or FID. As with the µCHCD detector, 1 ng on the 
detector is easy to detect by both FID and MS. As expected, the FID is more sensitive for toluene due to the 
number of combustible carbon atoms that are present in its structure. CCl4 generates a rather small peak 
due to poor ionization in the FID detector. Diluting the test mixture further to end up with ~100 pg on the 
detector, leaves all compounds undetected with MS and FID detector (Figure 5.27). These amounts are still 
detected well with the µCHCD detector prototype (Figure 5.28), clearly showing its potential as a simple and 
sensitive GC detector.           
 
Figure 5.27: Obtained chromatograms with MS in full scan and FID detector.  
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Figure 5.28: Chromatogram obtained with the serial axial µCHCD detector – version 2 with negatively biased capture 
electrode at 2 mm after introduction of ~100 pg of each analyte (30 µA, 4 mL/min
-1
, 500 V.cm
-1
). 
5.4. Conclusions  
It was demonstrated in this work that the use of a µCHCD plasma as ion source for a simple GC detector is a 
promising approach to replace many commercially available GC detectors. As predicted by the theory 
around µCHCDs it was possible to operate such detection system at atmospheric pressure and without 
radioactive material, which is a great advantage compared to an MS or ECD as GC detector. During 
development steps it became clear that the µCHCD ion source geometry is an important parameter for the 
detector to obtain a GC detector with quantitative behaviour and a reasonable lifetime. The initial design 
having a co-axial hollow cathode-anode geometry using stainless steel electrodes was found to have a 
limited lifetime caused by plasma sputtering. Changing the design from a co-axial set-up to a serial axial set-
up with platinum electrodes increased the lifetime of the set-up significantly. It was revealed that the shape of 
the flow channel consisting out of the hollow cathode, dielectric spacer and anode of the µCHCD ion source 
was of great influence on resulting chromatograms. Using a wide hollow cathode-anode opening clearance 
angle lead to a quantitative detector towards a range of tested analytes included in this study such as CCl4 
and toluene. After reducing the dead volume of the µCHCD ion source, detection of volatile analytes in the 
100 pg range was possible using either a positively or negatively biased capture electrode. The sensitivity of 
the µCHCD detector prototype was compared with FID and MS and was found to be more sensitive. So, the 
µCHCD detector prototype developed in this work is a very promising approach to replace the FID and other 
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detectors, as the µCHCD detector offers good detection capabilities towards halogenated species such as 
CCl4 and TCE using only one type of gas with the advantage of operation at atmospheric pressure. 
Moreover, the µCHCD ion source can be used in small handheld portable detection devices as it has low 
power consumption.   
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Chapter 6 - General discussion 
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Since its introduction, gas chromatography (GC) has been the tool of choice for the analysis of volatile 
constituents in various samples from many different fields such as forensics, food, petrochemical and 
pharmaceutical industries. GC is also often applied in environmental analysis of various organic 
contaminants in water, soil, air, etc. In pharmaceutical analysis, GC is used in quality control to evaluate the 
identity, purity and content of active pharmaceutical ingredients (APIs) and excipients. As mentioned above, 
the analytes should be volatile as such or after derivatization. Another important area of application is the 
identification and quantification of residual solvents. Guidelines about this are established by the 
International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals 
for Human Use (ICH) and are adopted by compendia such as the European Pharmacopoeia.  
The most common sampling method in combination with GC is direct injection in which an aliquot of sample 
is introduced and evaporated in a hot injector liner. After evaporation, the sample is transferred to the 
analytical column where it is separated into individual constituents followed by detection. This approach can 
lead to robustness issues for the analysis of residual solvents as many of the APIs are non-volatile 
molecules that cannot be evaporated in the injection liner. The repetitive introduction of such samples can 
lead to clogging and contamination of the injection system and can possibly lead to the existence of active 
sites and damage of the GC column. Another problem is related to the analysis of aqueous samples which 
frequently occur in the aforementioned fields. The introduction of large amounts of water into a GC with 
direct injection can lead to flooding of the injection liner due to the large expansion volume of water. This 
flooding can lead to backlash into the gas lines leading to irreproducible results. Moreover, most GC columns 
are not compatible with the introduction of large amounts of water leading to damage of the column.          
To avoid laborious extraction procedures for such samples, GC analysis is often performed in combination 
with static headspace (sHS) sampling. For detection, the flame ionization detector (FID) is most popular. This 
hyphenation of techniques has proven to be a powerful tool for residual solvent analysis in pharmaceutical 
products and aqueous samples. However, several shortcomings on both sample introduction and detection 
still exist. 
First, a typical issue that can be mentioned is the possible occurrence of matrix effects causing recovery 
problems. A matrix effect is any interaction in the sample phase that can influence the established 
equilibrium in a HS vial and will result in deviating behaviour towards a non-matrix matched calibration 
standard. Normally, recovery problems caused by matrix effects are circumvented by matching the 
calibration matrix with that of the sample. 
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Another possible way is the use of the standard addition method (SAM) or multiple headspace extraction 
(MHE) in order to mathematically correct for a matrix effect. However, matching of calibration standards is 
not always possible, as the exact matrix composition is often not known or blank matrix is not available. Both 
SAM and MHE approaches are very laborious and SAM can only be performed when sufficient amounts of 
sample are available. Apart from these possible matrix effects, a second issue is the poor sensitivity towards 
high boiling analytes with a high affinity for the sample matrix when sHS sampling is applied. Increasing the 
HS temperature generally promotes the transfer of analytes towards the gas phase leading to a higher 
sensitivity. However, this can cause thermal degradation and has as limitation that the sample matrix can 
start to boil in the HS vial when a certain HS temperature is reached. Boiling of the sample in a HS vial leads 
to irreproducible injections caused by exceeding the maximum tolerable HS pressure. In case of a balanced 
pressure system used in this study, vials are pressurised before injection. When the HS pressure is too high 
as a result of a boiling sample, a preliminary injection takes place upon puncturing of the vial septum. The 
mentioned issues especially play a role for high boiling analytes in a relatively low boiling matrix. By using 
the full evaporation technique (FET) these issues can be addressed. By using FET, the complete amounts of 
volatile analytes of interest are brought to the vapour phase whereby no analyte in the condensed phase is 
left behind. As a consequence, no distribution of an analyte between the condensed and vapour phase is 
established. In this way, analyte response cannot be influenced by a matrix effect and even high boiling 
analytes can be completely evaporated to the vapour phase under the right analytical conditions. One of the 
novelties of this work is the extension of the applicability of FET as explained in the next sections.  
In Chapter 2 the use of the full evaporation technique (FET) is proposed as a methodology for the analysis of 
a range of typical high boiling apolar analytes in a lower boiling apolar matrix (b.p. > 200 °C). Analytes 
included in the study were camphor (C), menthol (M), methyl salicylate (MeS) and ethyl salicylate (EtS) in 
various apolar matrices. It was demonstrated that matrix matching of calibration standards was not 
necessary by comparison of calibration series to which blank matrix was added. It was found that the slope 
and intercept were matching, meaning that possible matrix effects are circumvented by the use of FET for 
sample introduction. The methodology was validated for the quantitative analysis of these analytes in several 
topical pharmaceutical formulations showing excellent analytical performance. The method was compared to 
a conventional sHS method as well and was found to produce similar quantification results for a commercial 
sample. For the sHS approach, matrix matched calibration was necessary, making the method much more 
laborious. Even with the smaller sample amounts in the HS vial, FET was found to be more sensitive than 
the sHS method for the analytes included in the study.  
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The advantages of the FET approach are clear: possible matrix effects can be addressed and sensitivity 
issues for high boiling analytes with a high affinity for the matrix can be resolved. Furthermore, FET can be 
performed with standard HS equipment and avoids the use of the laborious matrix matching, SAM and MHE 
approaches. Apart from these advantages, there are still problems that could arise when the FET approach 
is used. For example, as with the conventional direct injection approach, care has to be taken that a certain 
maximum sample volume is not exceeded. In case that the solvent and/or analytes are not completely 
evaporated, sHS conditions will apply, and hence matrix effects could occur again. Also, HS pressure limits 
can exceed the maximum tolerable value and lead to irreproducible injections. Due to its small molecular 
mass compared to most solvents, water will give rise to a relatively large gas volume after evaporation, even 
when small sample volumes are used. For this reason, the FET approach for aqueous samples does not 
allow sample volumes larger than 10 µL to avoid the aforementioned problems. This limited sample volume 
restricts the sensitivity for analytes in aqueous samples. To deal with these shortcomings around GC 
analysis of aqueous samples, it is demonstrated in Chapter 3 that the use of acetone acetals such as 2,2-
dimethoxypropane (DMP) as water scavenger can be an efficient approach for GC analysis of typical high 
boiling analytes with a large affinity for water. By using DMP, water is completely removed from the sample 
in which methanol and acetone are formed as reaction products under acidic catalysis. As both these 
products are rather volatile, removal of them by using vacuum or a stream of nitrogen is straightforward. This 
allows analyte enrichment increasing the sensitivity of FET analysis of aqueous samples. The DMP water 
scavenging approach was optimized and finally applied to the analysis of typical high boiling polar residual 
solvents such as dimethylsulfoxide (DMSO) in aqueous matrices. It was demonstrated that at least a gain in 
sensitivity of a factor 10 can be obtained as compared to FET with a sample volume of 10 µL. The sensitivity 
of the method could be improved further by introducing a higher sample volume (e.g. 5 mL instead of 1 mL)  
in the HS vial. The method was validated and provided good recovery results. An additional advantage of 
DMP water scavenging is that it enables the derivatization of analytes to make them amenable for GC-
analysis. It was demonstrated that for the determination of ethylene glycol (EG) in water, EG is quantitatively 
converted to a more volatile dioxolane. Like DMSO, EG is a high boiling polar residual solvent and is 
notorious for adsorption to parts of the GC. By conversion to a less polar dioxolane with a significantly lower 
boiling point, analysis of EG can be performed by using the simple sHS approach. This approach was 
validated and applied to the determination of EG in contact lens fluids.  
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A bottleneck of the DMP water scavenging approach could be the fact that analytes have to be relatively 
high boiling in order to be able to retain them in the sample vial during the solvent removal step prior to FET 
analysis. In order to improve the sensitivity for more volatile analytes in aqueous samples, FET could be 
combined with for instance HS trap that uses an adsorbent for analyte collection leading to a significant 
improvement of the sensitivity and could be part of future research. Apart from using DMP as water 
scavenger, other chemical reactions could be used as well. An example is the use of tetraethyl orthosilicate 
which forms solely ethanol as solvent and silica particles under acid catalyzed reaction with water and could 
possibly be used for sHS applications as well. However, it has to be investigated whether these silica 
particles do not adsorp the analytes of interest in the HS vial.        
Even more challenging is the GC analysis of analytes with a large affinity for water that are not volatile at all. 
Examples of such analytes are quaternary ammonium salts (QAS) which are normally analysed by pyrolysis-
GC with a heated injector. This approach can leave non-volatile residues behind and contamination of the 
system will occur. As explained before, introduction of large amounts of aqueous QAS samples on a GC 
system should be avoided. As a consequence, QAS are usually analysed with capillary electrophoresis (CE) 
or liquid chromatography (LC) often combined with mass spectrometry (MS). It is well known that CE does 
not offer the best analysis repeatability and ion suppression can be a large issue with MS. As mentioned 
above, thermal degradation of analytes could occur with higher HS temperatures. This is however not always 
a disadvantage. Chapter 4 describes the analysis of various QAS using a novel in-vial HS reaction combined 
with DMP water scavenging as an alternative to pyrolysis-GC, CE and LC. Compared to pyrolysis-GC, this 
approach is a clean method of sample introduction leading to a robust method. After screening of various 
benzyl substituted QAS with a chloride counter ion, it was revealed that these types of QAS disintegrate 
during heating in the HS vial with the formation of benzyl chloride as most abundant volatile product. In case 
of QAS that solely form benzyl chloride, quantification can be performed by calibration with benzyl chloride. 
Some QAS included in the study, formed chloromethane as side-product and quantification of such QAS can 
be performed by using the mass balance of the chlorinated species. The methodology was applied to various 
QAS in aqueous samples including denatonium benzoate (DB). Using the approach on DB did not result in a 
volatile compound that can be used for quantification of this QAS. However, it was discovered that after 
treatment with DMP and hydrochloric acid as catalyst, benzyl chloride is formed during heating of the 
sample, enabling the quantitative GC determination of DB.     
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A validation was performed for the analysis of DB in cooling liquids containing a large amount of EG. As in 
chapter 3, EG was converted to the corresponding volatile dioxolane. This enabled enrichment of the 
samples and provided excellent recovery towards DB in cooling liquids. Another validation was performed for 
benzethonium chloride (BZTCl) in aqueous samples. BZTCl is a QAS that yields both benzyl chloride and 
chloromethane. Quantification was performed by using the aforementioned mass balance approach leading 
to good recoveries of BZTCl. Next to benzyl substituted QAS, other QAS might form other volatile analytical 
targets and could possibly be used for quantification purposes. This was however not tested in this work and 
could be included for future work.   
Finally, within GC analysis many different detectors are used to universally or selectively detect various 
volatile analytes after separation. The most commonly used detector is the flame ionization detector (FID) 
due to its robustness and good sensitivity for carbon containing analytes. However, the hydrogen diffusion 
flame used in the FID is not able to efficiently ionise analytes when they contain too many electronegative 
atoms such as chlorine, bromine, sulphur, etc. For example, analytes such as polychlorobiphenyls (PCBs) 
contain many chlorine atoms, but do not contain a lot of carbon atoms that can be oxidised. As a 
consequence, for those compounds poor sensitivity will be obtained when FID is used for their detection. The 
electron capture detector (ECD) is often used as an alternative for these types of analytes. The ECD uses 
radioactive material for the production of electrons which gives rise to legislation issues. Although a mass 
spectrometer (MS) is a hyphenated technique, it is often used for quantification purposes and can be 
operated in modes such as single ion monitoring (SIM) and single reaction monitoring (SRM) to be selective 
for a particular analyte. However, the sensitivity of an MS varies over time and the only way to address this 
issue is the use of expensive isotopes. Most GC-MS implementations make use of electrons emitted by a hot 
filament to perform electron impact ionization. However, this mechanism does not provide the most efficient 
ionization of analytes. Only part of the produced electrons and part of the analyte molecules are involved in 
the generation of ions. Moreover, MS systems need an expensive vacuum system to operate. So, most of 
the disadvantages are related to the ion source of the aforementioned systems.  
An alternative way to ionize analytes is the use of an electric plasma. Plasmas can be either in thermal 
equilibrium or non-thermal equilibrium. Plasmas in thermal equilibrium possess very high gas temperatures 
and are therefore used for typical applications that require heat such as welding and cutting. A typical 
thermal plasma used for chemical analysis is an inductively coupled plasma (ICP) capable of atomising 
molecules. The use of such plasmas has the disadvantage that all structural information about the analyte is 
lost. Non-thermal plasmas have significantly lower gas temperatures, but have a high electron temperature 
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(kinetic energy). This makes it possible to carry out certain chemical reactions or treatments under relatively 
mild conditions. Non-thermal plasmas are often used for surface treatment or coating applications. Recently, 
a detector that was based on a non-thermal plasma, the dielectric barrier discharge (DBD) detector was 
commercialised. In this system analytes are not directly fed into the plasma, but are merely ionised by photo-
ionization and detected by a collector electrode as with the FID. The plasma thus acts as a UV lamp that 
emits ionizing photons and no interaction of the plasma with the analytes is established. A more interesting 
type of plasma is the micro cavity hollow cathode discharge (µCHCD) for its special feature being the hollow 
cathode mode. As the name implies, a cathode containing a hole is used. When the device is operated 
under such conditions that the product of the internal diameter of the hollow and the gas pressure is below a 
certain value, hollow cathode mode operation is governed. In this mode, electrons are trapped in the hollow 
and continuously accelerated from one side of the cathode wall to the opposite side. This is called the 
pendulum effect and results in a significant increase in ionization. A µCHCD can be operated at atmospheric 
pressure without the need for additional gasses.  
Due to these advantages, a detector set-up was developed and constructed using a µCHCD as ion source 
and a collector electrode to detect ionized analytes. The results are reported in the last research chapter. It 
was found that the orientation of the electrodes and selection of plasma erosion resistant materials are a 
prerequisite for a detector with a long lifetime and low maintenance. When the electrodes are made from 
more sputter resistant materials such as platinum and placed in a serial axial orientation, a more robust 
detector is obtained. It was found that in a serial axial set-up, the clearance angle between the hollow 
cathode and anode exit was of large influence on the resulting chromatograms. By adapting a large cathode-
anode clearance angle it was noticed that analyte peaks could generate peaks with either a negative or 
positive polarity. At this point, it is possible to detect various analytes including halogenated species at the 
lower pg range and the µCHCD detector was found to be more sensitive than an FID. The current prototype 
is however still a proof of concept and several aspects of the detector can be improved. Experiments with the 
different detector prototypes have been carried out using an electron-valve based ionization amplifier for 
robustness reasons. By using a more modern semiconductor amplification device, a signal with less noise 
could be obtained. Furthermore, heating of the detector would also be necessary for applications with 
analytes that have a higher boiling point to avoid condensation effects inside the detector. For possible future 
production, electrode materials other than platinum could be considered. Platinum is an expensive material 
and could be replaced by diamond which can nowadays be produced at lower cost. The advantage of 
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diamond is that it can be used as both a dielectric material and electrode. By doping with boron, diamond 
becomes conductive and could serve as electrode material in the µCHCD detector.     
Next to further development of the above mentioned detector concept, the µCHCD ion source can be 
coupled to an ion mobility spectrometer (IMS) for collision induced identification possibilities. In IMS, gas 
phase separation of ions occurs in a drift tube against a flow of drift gas. The separation of ions is based on 
the fact that every ion has a different charge, shape or size that will give rise to a different drift time. Analytes 
can therefore be identified according to their drift time. Other advantages of IMS are apparent as, in contrast 
to mass spectrometry, no vacuum system is needed. Moreover, the use of the µCHCD as ion source would 
avoid legislation issues that are encountered with radioactive materials that are frequently used for 
ionization. Furthermore, such system would be suitable to use as portable system for the detection of 
warfare agents, illicit drugs, etc. on for example airports.  
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Summary 
In this work, several aspects around headspace (HS) sampling and detection hyphenated with gas 
chromatography (GC) were covered. Regarding HS sampling, the results of three studies were reported 
around the problems encountered with the analysis of aqueous samples and/or high boiling analytes with a 
high affinity for the matrix in chapters 2 to 4 in this manuscript, whilst the final chapter covers the 
development and characterization of a novel GC detector. 
In chapter 2, the use of the full evaporation technique (FET) for the analysis of high boiling analytes with a 
high affinity for apolar matrices was evaluated and compared with the conventional static HS (sHS) sampling 
approach. A FET method has been developed and validated for the analysis of typical high boiling analytes 
(bp. > 200 °C) including camphor, menthol, methyl salicylate and ethyl salicylate that are often used in 
various topical formulations. Data have shown that FET is an excellent approach to circumvent matrix effects 
that are often encountered with sHS methods. The method showed excellent recovery and repeatability 
during validation and was finally applied on commercial formulations such as Radosalil
®
, ThermoCream
®
, 
Vicks Vaporub
®
 and Reflexspray
®
. 
In chapter 3, acetone acetals were employed as water scavengers for the analysis of aqueous samples 
using HS-GC. After optimization of the scavenging reaction conditions, the approach was used for FET 
analysis of various typical high boiling polar residual solvents that are miscible with water. The procedure 
enabled sample enrichment which provided a significant gain in sensitivity of the FET analysis of these 
analytes and it was finally applied on a cefotaxime sample for the quantification of residual N-
methylpyrrolidone (NMP). During experiments it was revealed that the same procedure can be used for the 
quantitative derivatization of ethylene glycol (EG) in aqueous samples. The formation of the significantly 
more volatile 2,2-dimethyl-1,3-dioxolane (2,2-DD) enabled determining EG using sHS sampling.  
In chapter 4, a novel HS approach for the analysis of quaternary ammonium salts (QAS) in aqueous samples 
is presented in which the reported water scavenging method from chapter 3 is used for the removal of water 
and sample enrichment. Screening experiments revealed that QAS substituted with benzyl and methyl 
groups degrade to form benzyl chloride and chloromethane under the used experimental conditions. By 
using chloromethane and benzyl chloride for quantification of such QAS, matching calibration standards are 
not needed. This means that one kind can be used for the determination of other QAS that also yield 
chloromethane and benzyl chloride as reaction products. The methodology was used for the analysis of 
denatonium benzoate (DB) in EG based cooling liquids and the analysis of benzoxonium chloride (BZOCL) 
or benzethonium chloride (BZTCl) in mouth sprays.     
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Finally in chapter 5, work around the development and characterization of a novel GC detector is presented. 
The detector used a micro cavity hollow cathode discharge (µCHCD) plasma as ion source combined with 
an either positively or negatively biased capture electrode. Typical advantages of the used low power 
µCHCD are the increased ionization efficiency compared to the hydrogen flame used in the flame ionization 
detector (FID) and operation at atmospheric pressure without the need for additional gasses. During 
development of the µCHCD ion source it was found that the detector geometry was of great influence on the 
obtained signal. By adapting to a geometry with a wide anode clearance angle, a sensitive response in the 
pg range was obtained for various analytes including carbon tetrachloride (CCl4) which is poorly detected 
with the FID. It was noticed that halogenated analytes were possibly subjected to a different ionization 
mechanism than the non-halogenated species. Halogenated ones most likely form negative ions in the 
electron rich plasma as these were most efficiently detected by a positively biased capture electrode.      
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Samenvatting 
In dit werk werden verschillende aspecten behandeld omtrent headspace (HS) extractie en detectoren in 
combinatie met gaschromatografie (GC). In hoofdstuk 2 t/m 4 werden verschillende onderzoeksresultaten 
gerapporteerd rond de problematiek met HS extractie en/of GC. Hoofdstuk 5 behandelt de ontwikkeling en 
karakterisering van een nieuw type GC detector.   
Hoofdstuk 2 beschrijft het gebruik van de zogenaamde ‗full evaporation technique‘ (FET) voor de analyse 
van analieten met een hoog kookpunt en grote affiniteit voor apolaire matrices. De toepasbaarheid van de 
techniek werd getest op typische apolaire hoogkokende analieten (kookpunt > 200 °C) zoals kamfer, mentol, 
methylsalicylaat en ethylsalicylaat. Uit de onderzoeksresultaten is gebleken dat FET een goed alternatief is 
om typische matrixeffecten te omzeilen waar sHS extractie vaak mee te maken heeft. De uiteindelijk 
ontwikkelde methode werd gevalideerd en liet een goede accuraatheid en precisie zien voor de analieten in 
kwestie. De gevalideerde methode werd toegepast op de analyse van commerciële producten zoals 
Radosalil
®
, ThermoCream
®
, Vicks Vaporub
®
 en Reflexspray
®
. 
In hoofdstuk 3 werd het gebruik van een chemische reactie met acetonacetalen behandeld voor de complete 
verwijdering van water voor de analyse van waterige stalen met HS-GC. Na optimalisatie van de 
reactiecondities werd de methodiek voor de FET analyse van verschillende hoogkokende polaire residuele 
solventen in water toegepast. Dit type solventen zijn volledig mengbaar met water en vormen een probleem 
voor de veelgebruikte sHS techniek. Het gebruik van acetonacetalen maakt het mogelijk om de gevoeligheid 
voor FET significant te verhogen en voorkomt veel problemen rondom de GC analyse van waterige stalen 
(kolomdegradatie, overschrijding gascapaciteit liner, etc.). Uiteindelijk werd de gevalideerde methode 
toegepast op de analyse van residueel NMP in een cefotaximestaal. Gedurende het onderzoek werd er 
aangetoond dat wanneer 2,2-dimethoxypropaan (DMP) wordt gebruikt voor de verwijdering van water, 
ethyleenglycol (EG) kwantitatief omgezet kan worden naar 2,2-dimethyl-1,3-dioxolaan (2,2-DD) welk een 
veel minder hoogkokend en meer apolair product is. Door deze omzetting met DMP kon EG uiteindelijk 
bepaald worden door het toepassen van een eenvoudige sHS methode. 
 In hoofdstuk 4 werd een alternatieve aanpak gepresenteerd voor de analyse kan quaternaire 
ammoniumzouten (QAS) in waterige stalen in combinatie met het verwijderen van water zoals in hoofdstuk 
3. Uit initiële experimenten is gebleken dat QAS die gesubstitueerd zijn met methyl- en benzylgroepen 
degraderen tijdens HS analyse onder de vorming van chloormethaan en benzylchloride. Door de 
kwantificering van chloormethaan en benzylchloride kan de totale hoeveelheid van een QAS indirect bepaald 
worden. Doordat verscheidene QAS van dit type op dezelfde manier reageren is een matchende 
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kalibratiestandaard niet nodig en kan elk ander QAS van dit type gebruikt worden. De ontwikkelde methode 
werd vervolgens toegepast op de analyse van denatoniumbenzoaat (DB) in koelvloeistoffen. Ook werden 
mondsprays geanalyseerd die benzoxoniumchloride (BZOCl) of benzethonium chloride (BZTCl) bevatten. 
 In hoofdstuk 5 werden onderzoeksresultaten beschreven rondom de ontwikkeling en karakterisering van 
een nieuw type GC detector dat gebruik maakt van een ‗micro cavity hollow cathode discharge‘ (µCHCD) 
plasma als ionenbron. Deze detector maakt gebruik van een vangstelektrode die negatief of positief 
gepolariseerd is. Het gebruik van een (µCHCD) plasma brengt een aantal belangrijke voordelen met zich 
mee. De detector kan gebruikt worden onder atmosferische druk zonder dat additionele gassen nodig zijn. 
Ook heeft een dergelijk (µCHCD) plasma een verbeterde ionisatiegraad in verhouding tot de waterstofvlam 
die gebruikt wordt voor de FID. Gedurende de ontwikkeling is gebleken dat de geometrie van de detector 
een grote invloed heeft op het verkregen signaal. Door een grote kathode-anode openingshoek te kiezen 
werd er een gevoelige respons (pg-gebied) verkregen voor verschillende types analieten. In tegenstelling tot 
de FID was het ook mogelijk om gehalogeneerde verbindingen zoals tetrachloorkoolstof (CCl4) te detecteren 
met goede gevoeligheid. Er werd opgemerkt dat de verschillende analieten waarschijnlijk op verschillende 
manieren geïoniseerd kunnen worden. Gehalogeneerde analieten konden goed worden gedetecteerd met 
een positief gepolariseerde vangstelektrode, wat erop duidt dat dit type verbindingen negatieve ionen 
zouden kunnen vormen door de vangst van elektronen in het plasma.         
 
 
 
 
 
 
 
 
 
